Electronic noise due to temperature difference demonstrated in molecular junctions: beyond standard
thermal and shot noises
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Since the discovery of electronic thermal and shot noise a century ago'3, these two forms of fundamental noise
have an enormous impact on science and technology. They are regarded as valuable probes for quantum and
thermodynamic quantities*!, but also as an undesired noise in electronic devices that should be minimized.
Electronic thermal noise is activated in equilibrium by finite temperature, whereas electronic shot noise is a
non-equilibrium current noise activated by voltage®!2. Here, we report on measurements of a fundamental
electronic noise that is activated by temperature difference across nanoscale conductors, which we denote as
AT noise (delta T noise). This noise is experimentally demonstrated in molecular junctions, and analyzed
theoretically using the Landauer formalism for quantum conductors®!3, Our findings show that AT noise is
distinguished from the standard thermal and shot noises®. Similarly to thermal noise, it has a pure thermal
origin, yet it is generated only out of equilibrium. AT noise is also different from the standard electronic shot
noise, since it is not created by constant® or time-dependent'*!4voltage, which is applied externally or built by
thermopower®. AT noise can be used to detect temperature differences across nanoscale conductors without
the need for fabricating 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 created unintentionally
across electronic components. Taking into account the contribution of the overlooked AT noise in these cases,
is of central importance for the design of high performance electronics at the nanometer scale.

At a finite temperature, the thermal motion of electrons leads to temporal current fluctuations called thermal



(Johnson—Nyquist) noise Sry, even at zero net current in equilibrium conditions®3. This noise depends solely on
the conductance G (G = 1/R, where R is resistance), and temperature T in a straightforward manner: Spy =
4GkgT, where kg is the Boltzmann'’s factor®. Thermal noise can be used as a primarily thermometer, since it does
not depend on the conductor’s shape, material type, or the details of the transport mechanism*!®. Once a finite
voltage is applied across a conductor and current is generated, electrons can either be transmitted through the
conductor or backscatter, leading to non-equilibrium temporal current fluctuations called electronic shot noise.
This noise was extensively used in the study of electronic transport in quantum conductors, including the analysis
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of quasiparticles’ charge, electronic spin transport, and interacting many-body systems
measurements also provides unique information about electronic transport at the miniaturization limit for
electronic conductors, namely across atomic and molecular junctions”'’22, These junctions are composed from
individual atoms or molecules suspended between two electrodes. The conductance of such quantum conductors
is described by the Landauer formalism as the sum of contributions from several transmission channels®: G =
Go X; T;. Here, T; is the transmission probability of the it" channel that can have any value between zero (closed

channel) to one (fully open channel) and G, is the quantum of conductance (G, = (12.9k2)1). In this framework,

the current noise in quantum conductors, including both thermal and shot noises, can be described as’®
S; = 4Gy X; T2 kg T + 2choth( =) Go Xi7i(1 — 1) (1)

where e and V are the electron charge and applied voltage across the conductor, respectively. At zero applied

voltage, shot noise is nullified and equation (1) is reduced to the thermal noise.

When a temperature difference AT, instead of a voltage, is applied across the conductor, a new expression for

the current noise can be derived based on Landauer formalism:

Sy = 4Gy X; 7, kT + [kB(ATZ) ( g)] Go 2T (1 — 7)) (2)
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where T is the average of T and T¢, the temperatures at the hot and cold sides of the conductor (Fig. 1a), and

AT = T" — T¢. An expression for noise generated by temperature difference was previously derived for diffusive



conductors®. The full derivation of equation (2), including more general expressions, appears in the
Supplementary Information. The first term of equation (2) is simply 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 (second term), which we denote as AT noise, is activated as a result of
temperature difference across the conductor. In contrast to standard shot noise, AT noise has a pure thermal
origin. Yet, similarly to shot noise, it depends on Y; 7;(1 — 7;) despite the absence of voltage gradient across the
conductor. Such dependence on the transmission probabilities is the signature of partition noise®. Namely, noise
that is activated in non-equilibrium conditions by the partial transmission and backscattering of transporting
electrons. For AT noise, non-equilibrium conditions are introduced by temperature difference and partition noise
is activated even in the ideal case of zero net current due to opposite and equal currents above and below the
chemical potential (Fig. 1b). Thus, AT noise can be viewed as partition noise that is generated by temperature

difference.

To experimentally demonstrate the effect of temperature difference on the noise generated in a quantum
conductor, we studied molecular junctions based on hydrogen molecules introduced between two atomically
sharp gold electrodes??°. We use the break junction technique?® (Fig. 1a and Methods) to form an ensemble of
molecular junctions with different local structure and hence different conductance (Extended Data Fig. 1). Shot
noise measurements indicate that below 1 G, the conductance of the junction is usually governed by a dominant
transmission channel (see Methods and Extended Data Fig. 4). Its transmission probability can be varied, for
example, by adjusting the separation between the electrodes in sub-angstrom resolution®. In the actual
experiment, some secondary transmission channels may also contribute to the total conductance. A temperature
gradient across the junction was applied by asymmetric heating of the junction’s electrodes above a base
temperature of 4.2 K. The temperature difference across the junction was monitored by two thermometers

located at the opposite sides of the junction (Fig. 1a). In order 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).

To test the validity of the first term of equation (2), a temperature gradient should be applied, while the second
term (the AT noise) should be suppressed. Practically, these conditions 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
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Figure 1. Experimental setup, different noise contributions, and measured thermal noise at a finite
temperature difference. a, Schematic illustration of the break junction setup, including heaters and
thermometers. Inset, schematic illustration of the Au\H, junction. b, Schematic illustration of the standard shot
noise, thermal noise and AT noise in an atomic-scale junction. c, Total noise as a function of conductance
measured in the studied atomic scale junctions at different temperatures T/ and T, at the opposite sides of
the junctions. At 1G,, and above 4G, the total noise is dominated by thermal noise (first term in equation (2)).
In these conditions, a linear dependence of the noise on the conductance is expected. Inset tables, present the
temperature difference AT and average temperature T measured by the thermometers at the opposite
junction’s sides, as well as the temperature extracted from the slop of the thermal noise Ty. 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 couple of data sets is taken at similar T, yet one set is
measured at AT # 0 and another at AT = 0. The presented data illustrate that similar thermal noise is
generated at different AT as long as T is similar. The data error bars are smaller than the symbols’ diameter,
and the calculations of the AT and T errors presented in the inset tables take into consideration the incomplete
suppression of noise contributions beyond the thermal noise.



(t = 1), the second term is expected to be very small. These conditions are 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 (AT /T)? and the Fano factor F =
YiT; (1 —7;)/Xit;. The Fano factor can be determined by shot noise measurements on similar junctions. We
found that if the junction is squeezed to form a multi-atomic gold contact’ with conductance higher than 4 G,
the maximal contribution of the second term in equation (2) is less than 5% with respect to the first term in the

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

Figure 1c shows the measured total noise as a function of conductance for the studied junctions at different
average junction temperature and temperature difference (see Methods), determined by the calibrated
thermometers at the hot and cold sides of the junction. We attribute the linear dependence on the conductance
to efficient suppression of the second term in equation (2) at 1 G, and above 4 G,. In these conditions, the total
noise is practically reduced to the thermal noise, and the temperature associated with the thermal noise Ty, can
be extracted from the slop of each curve. The inset table in Fig. 1c shows that Tyy = T in the error range,
indicating that the thermal noise generated at the junction depends on the average temperature of the junction.
Fig. 1d presents two examples for total noise vs. conductance measured at comparable average temperature of
about T = 21 K, aswellasT = 51 K. In each example, the temperature difference across the examined junction
is set to be either zero (AT = 0) or finite (AT # 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 it does not depend on the temperature difference.

We will now focus on experimental indications for the activation of AT noise and identify its properties. Figure 2
presents measurements of excess noise as a function of conductance for different temperature differences and
average temperatures. A conductance range of 0.1 < G < 1 G, was chosen in order to look for the 7(1 — 1)

dependence of the AT 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 AT = 0K (Fig. 2a-c)
simply yield data around zero excess noise. In the absence of temperature difference across the junctions the total
noise is governed by the thermal noise. Thus, subtracting the average thermal noise from the total noise gives
values that are scattered around zero. Remarkably, when a temperature difference is applied across the junction,
a finite 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, shot noise alone can yield excess noise at a finite
temperature difference, as a consequence of a buildup of thermoelectric voltage®>. However, the expected shot
noise due to 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 generate by the highest thermoelectric voltage that was
found (see Methods). Thus, the contribution of shot noise due to thermoelectric voltage is insignificant with

respect to the measured excess noise at a finite temperature difference and cannot explain its origin.

The lower boundary of the measured excess noise in Fig. 2d-f is very well described by the calculated AT noise,
assuming a single transmission channel (solid curve). In fact, most of the data points accumulate in the vicinity of
this curve, indicating the activation of AT noise in junctions with significant conductance contribution from one
transmission channel. 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 AT noise for
junctions with two channels having similar transmission probabilities. Independent shot noise measurements (see
Methods and Extended Data, Fig. 4) indicate that most of the examined molecular junctions are characterized by
transport via a dominant channel, though some of the junctions can have significant conductance contribution
from a second channel or (in rare cases) from additional channels. Based on these channel analysis, AT noise is
expected to yield excess noise data, which is mainly located in the gray area, as indeed observed. Thus, the
characteristics of the measured excess noise fit the expected behavior of AT noise in the examined junctions.

Using equation (2), we can extract the Fano factor from the excess noise that is generated by temperature
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Figure 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) as a function of conductance measured in the
examined molecular junctions at different temperatures and no temperature difference across the junctions (AT =
0). d-f, Excess noise as a function of conductance measured at different average temperatures and finite
temperature differences across the junctions (AT # 0). The expected AT noise (based on exact numerical solution,
see supplementary information, equation (S7)) is given by the black curve for a single transmission channel, and by
the dashed curves for two channels with equal transmission probabilities. The error bars are slightly larger than the
diameter of the symboles as shown in Extended data Fig. 7. Once that 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 AT noise, where the spread in the results is a natural outcome of additional
transmission channels that are opened as the conductance increases (see Extended Data, Fig. 4).

difference. Extended Data Fig. 6 shows that the Fano factor distribution obtained in this way is similar to the one

obtained by shot noise measurements (Extended Data Fig. 4), further demonstrating that the excess noise at finite

temperature difference is actually the AT noise given by the second term of equation (2).



The quadratic dependence of the AT noise on the temperature difference is a distinctive fingerprint of this noise.
To check if the detected excess noise shows the expected dependence on temperature difference, we normalized
the measured excess noise, based on equation (2), and plotted it with respect to AT in Fig. 3 . The data speared
is asymmetric and can be described by a generalized extreme value distribution (Fig. 3, Inset). The most probable
normalized excess noise (red rectangles) fits well the dashed curve that describes the quadratic dependence of
the AT noise on the temperature difference for a single channel scenario. The upward spread of the data
(transparent black circles) can be explained by the presence of junctions with more than one transmission channel,
where most of the data falls below the dotted curve that shows the AT noise dependence on (AT)?, assuming two
channels with similar transmission probabilities. The observation of this fingerprint of AT noise provides a

complimentary indication that we measure the AT noise given by the theoretical description.
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Figure 3. Excess noise dependence on the applied temperature difference. Normalized most-
probable excess noise as a function of AT. The normalization is given by equation (2), in order to
test a possible (AT)? dependence expected for AT noise. The solid line shows the expected
normalized AT noise assuming a single transmission channel. The dashed lines show the expected
normalized AT noise assuming two channels with equal transmision probability. The most probable
excess noise shows a clear (AT)? dependence as expected for AT noise. The most probable excess
noise was determined by a generalized extreme value distribution that captures the asymetric
distribution of the data, and the error bars are determined by the full width at half maximum as
illustrated in the inset, which describes the analysis of the data at AT = 25 K in the main figure.



To conclude, our experimental findings supported by a theoretical derivation indicate that partition noise emerges
in the presence of a temperature gradient across quantum conductors. We denote this noise contribution as the
AT noise and show that it possesses a peculiar combination of characteristics that makes it distinctive from the
standard thermal and shot noises. Beyond the fundamental interest in the observation and characterization of a
temperature-difference-based form of partition noise, the AT noise can be used as a spectroscopic probe for
temperature differences. This ability is particularly interesting for probing temperature differences at the
nanoscale since fabricating physical probes that measure local temperature at this scale is extremely challenging.
In contrast to physical sensors, the AT noise is a very versatile probe, which is not limited to a specific temperature
range, and can be applied to different conductors’ sizes, down to the atomic scale. AT noise measurements can
be done without special design limitations in a variety of setups, including scanning probe microscopes, nanoscale
devices, and even in embedded systems, which are not very accessible to temperature sensing. This flexibility
makes the AT noise an attractive tool for the study of heat management, including thermoelectricity, heat
pumping, and heat dissipation, which are important in the context of energy saving and sustainable energy
production. Last but not least, temperature gradients are unintentionally formed in electronic circuits. Therefore,
the overlooked AT noise in these cases should be taken into consideration as a limiting factor for modern

nanoscale electronics.
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