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Recent work has achieved tremendous progress toward experimentally probing
energy transport at the nanoscale. In examining the limits of the applicability of
classical laws, atomic- and molecular-scale structures have emerged as paradigmatic
systems and have revealed exotic transport phenomena that arise in the quantum
regime. Moreover, understanding how thermal energy is transported, converted and
dissipated at the most fundamental level is of great importance for achieving highperformance energy conversion technologies and rationally designing thermally
robust circuits when approaching the limit of electronic miniaturization. In this
chapter, we present a brief review of the basic concepts and experimental progress
made in atomic- and molecular-scale thermal science. In particular, we focus on the
recent development of high-resolution scanning thermal microscopy probes and
their applications in understanding heat conduction in atomic and single-molecule
junctions as well as thermoelectric energy conversion and heat dissipation in
molecular junctions.

8.1 Introduction
Atomic-sized structures such as atomic junctions, gaps and molecular chains
represent the ultimate limit for the miniaturization of physical devices. Over the
past half century, the modern electronics industry has been signiﬁcantly advanced by
the growing demand for faster, larger, and more affordable storage and computing
hardware. The physical size of functional units such as transistors has continuously
shrunk over the last few decades, approaching the physically allowed size limit—the
atomic scale. Whereas classical laws have proven to be useful in describing energy
transport phenomena in macroscopic devices and materials, the laws governing
transport at the atomic scale remain largely unexplored. The study of energy
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transport at the atomic scale provides unique opportunities to test widely accepted
rules and frameworks and holds great promise to strongly affect a wide range of
contemporary technologies ranging from electronics and photonics to chemical
catalysis and energy conversion. To date, a large amount of theoretical and
experimental work has been directed toward understanding the electrical transport
properties and mechanisms in atomic-sized structures and devices [1, 2]. Although
essential for the functionalities and performance of materials, the thermal transport
properties of materials and devices ranging in size from a few nanometers
(comparable to the characteristic size of the smallest commercially available
transistors) down to the single-atom limit have remained largely unexplored. This
is due to the fact that, at this length scale, thermophysical properties such as heat
ﬂow rates, temperature and energy conversion are quite challenging to measure.
Developing novel experimental techniques and approaches to enable quantitative
calibration of these critical characteristics remains a key challenge in the ﬁeld of
atomic-scale thermal science.
In this chapter, we focus on reviewing the current state-of-the-art in thermal
energy transfer and conversion at the atomic scale. Speciﬁcally, we ﬁrst introduce in
section 8.2 some basic concepts of energy transfer and conversion in nano- and
mesoscopic devices. From sections 8.3 to 8.6, we review the recent development of
scanning thermal microscopy probes and the experimental work that has revealed
quantum thermal transport in single-atom junctions, heat dissipation in singlemolecule junctions, the observation of the Peltier effect in molecular junctions, and
the recent experimental advance enabling the ﬁrst measurement of thermal conductance of single-molecule junctions. Finally, we conclude this chapter by highlighting some open challenges in this ﬁeld.

8.2 Theoretical concepts
8.2.1 Energy transport in atomic-scale junctions
Atomic junctions refer to functional devices with one or a few atoms bridging two
electrodes (ﬁgure 8.1(a)). Similarly, individual molecules can form molecular
junctions by connecting two electrodes through chemical and physical bonds
(ﬁgure 8.1(b)). For these atomic-sized devices, energy transport via basic energy
carriers such as electrons and phonons is often described using Landauer’s quantum
transport framework [3–5]. Speciﬁcally, when applying a voltage bias (V) across
atomic-scale junctions, the resultant electrical current (I) is given by [6]

Figure 8.1. Schematics of the atomic-sized structures discussed in this chapter. (a) An atomic junction is
formed when a one-atom or few-atom wide wire is sandwiched between two macroscopic electrodes. (b) A
single-molecule junction.
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I=

2e
h

+∞

∫−∞

(fL − fR )τ (E )dE ,

(8.1)

where e and h are the electron charge and Planck’s constant, fL and fR are the
Fermi–Dirac distributions of the left and right electrodes, respectively, and τ(E) is
the transmission function, which describes the energy-dependent transmission
probability of electrons through the junction. For the speciﬁc atomic structures, τ
(E) can be estimated by employing density functional theory in conjunction with
non-equilibrium Green’s function techniques [7].
In the approximation of a small bias voltage and low temperatures, equation (8.1)
can be further reduced to

Ge =

I
2e 2
=
τE =EF ,
V
h

(8.2)

where Ge is the electrical conductance of the junction, EF is the Fermi energy of
the electrodes and τE =EF is the transmission probability of all contributing electronic
channels (modes) in the junction. Under the circumstance that τE =EF = 1, which
indicates the existence of one fully transparent ballistic channel for electron
transport, the electrical conductance is quantized and is given by Ge = G0 =
2e 2 /h = 1/(12.9 kΩ).
Thermal energy transport at the atomic scale can also be readily described using
the Landauer formalism. Basically, when a temperature difference (ΔT) is applied
across the atomic-sized junction, a corresponding heat current ﬂows through the
junction, driven by both electrons and phonons. The electronic heat current (Jel) and
the phononic heat current (Jph) are given by [4, 8]

Jel =

2
h

∞

∫−∞ (E − EF)τ(E )(fL − fR )dE

(8.3)

and

Jph =

∫0

∞

(hω)τph(ω)(b L − bR)dω,

(8.4)

where ω is the phonon frequency, τph(ω ) is the energy-dependent transmission
function for phonons, and bL and bR are the Bose–Einstein distributions for the left
and the right thermal reservoirs, respectively.
Interestingly, a thermal analog of the quantized electrical conductance can also be
derived from equations (8.3) and (8.4) for atomic-scale heat conduction. For ideal
thermal coupling between the ballistic atomic conductor and the thermal reservoirs,
which results in a transmission probability equaling unity for a single channel, both
electronic and phononic contributions to thermal transport are given by

Gthel = Gthph = g0 =
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where Gthel = Jel /ΔT and Gthph = Jph /ΔT are the electronic and phononic thermal
conductances of the atomic junctions, respectively, kB is the Boltzmann constant and
T is the temperature of the thermal reservoirs. Here, g0 = (9.456 × 10−13 × T )W /K
is the quantized thermal conductance that has an expression independent of any
material parameters and particle statistics (universal for bosons, fermions and
anions) [9–13]. For fermions speciﬁcally, the ratio of the quantized thermal and
electrical conductance obeys the Wiedemann–Franz law, which relates the electrical
transport and the electronic contribution to thermal transport in a material [14] via

Gthel
= LT,
Ge

(8.6)

π 2k B2
.
3e 2

(8.7)

where

L=

Probing the electron contribution to heat transfer provides a window into the
nature of electron transport in a material. While in most conventional metallic
materials the Wiedemann–Franz law is found to be valid and provides quantitatively good estimates of electronic contributions, there have been recent observations
of strong violations in several quasi-one-dimensional and nanomaterials [15, 16],
which if understood may provide additional means for controlling energy conversion and transport in future devices.
8.2.2 Heat dissipation and thermoelectric energy conversion in molecular junctions
When an electrical current (I) ﬂows across a molecular junction, the electrical energy
is converted to other energy forms and is eventually dissipated into heat. To better
understand this question in nanoscale devices, one may ask a series of questions:
How does the energy conversion happen? What is the efﬁciency of a speciﬁc form of
energy conversion? Where does the heat dissipate? In Landauer’s framework which
accounts for elastically transported electrons, i.e. when no energy exchange happens
inside the molecular region, the heat dissipation in the left and right electrodes QL
and QR, respectively, is given by [17, 18]
∞

QL =

2
h

∫−∞ (μL − E )τ(E )(fL − fR )dE

QR =

2
h

∫−∞ (E − μR)τ(E )(fL − fR )dE ,

(8.8)

and
∞

(8.9)

where μL/R represent the chemical potentials of the left/right electrodes, respectively.
The thermoelectric energy conversion properties of molecular junctions can also
be described within the Landauer transport framework. The open circuit voltage
(ΔV) developed across a molecular or atomic junction in the presence of a
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temperature difference (ΔT) enables the estimation of the Seebeck coefﬁcient (S) of
the junction, which is deﬁned by S = –ΔV/ΔT, and can be related to the electronic
transmission characteristics of the molecular junction by [19, 20]

S=−

π 2k B2T ∂ ln (τ (E ))
3∣ e ∣
∂E

.

(8.10)

E =EF

The sign of the Seebeck coefﬁcient indicates the identity of the dominant charge
carrier. Speciﬁcally, electron-dominated transport results in a negative Seebeck
coefﬁcient, whereas hole-dominated transport results in a positive Seebeck coefﬁcient. Further, it can be seen from equation (8.10) that the magnitude of the
Seebeck coefﬁcient is determined by the slope of the transmission function at the
Fermi level of the junction.
According to the Thompson relation, the Peltier coefﬁcient (Π ) of the molecular
junction can also be related to the Seebeck coefﬁcient by

Π = TS,

(8.11)

where T is the absolute temperature of the junction. The Peltier effect describes the
reversible heating and cooling effects that arise when an electric current ﬂows across
the isothermal molecular junction.
The thermoelectric energy conversion efﬁciency of a material is usually described
by a quantity called the ﬁgure of merit (ZT). It is deﬁned as ZT = S 2σT /κ , where σ is
the electrical conductivity and κ is the thermal conductivity. The corresponding ZT
of a molecular junction can be deﬁned similarly as

ZT =

S 2GeT
,
Gth

(8.12)

where Ge and Gth represent the electrical and thermal conductances, respectively.
Given the temperatures of the left and right electrodes, TL and TR (assuming TL < TR),
the heat-to-electricity conversion efﬁciency of molecular junction (η) is given by

η = ηC

1 + ZT − 1
,
1 + ZT + TL / TR

(8.13)

where ηC = 1 − TL /TR is the Carnot efﬁciency, which gives the highest energy
conversion efﬁciency any heat engine can reach.

8.3 Heat transfer and energy conversion at the atomic scale:
experiments
Performing thermal transport measurements at the atomic scale is challenging for a
number of reasons. First, atomic-scale structures, due to their nanoscale dimensions,
cannot be visually accessed using optical microscopy tools. This frustrates efforts to
conduct in situ observations and manipulations of the studied objects while
simultaneously performing transport measurements, for example, using well-
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established thermal characterization tools based on optical approaches [21, 22].
Second, the magnitude of heat ﬂow in such structures is exceedingly small, requiring
high-resolution thermal sensing techniques to reliably record the signals of interest.
In order to overcome these challenges, researchers have developed scanning thermal
microscopy (SThM)-based approaches [23–26] where custom-fabricated high-resolution thermal sensors are integrated into scanning probes to achieve a nanowatt or
even picowatt (pW) scale heat current resolution. Further, these tools enable reliable
creation and manipulation of atomic-sized objects. Below, we present a brief review
of the experimental progress made in applying SThM-based techniques to address
open questions in atomic-scale thermal science. Speciﬁcally, we will focus on recent
work on the measurement of the quantum of heat transport in single-atom junctions,
heat dissipation in single-molecule junctions, the Peltier cooling in molecular
junctions, as well as the measurement of thermal conductance of single alkanedithiol
molecule junctions. For a detailed review of the theoretical and experimental
progress in these topics, readers are referred to recent literature [27, 28].
8.3.1 Quantum heat transport in single-atom junctions
Key to probing heat conduction in atomic junctions is the development of probes
that can both enable the creation of atomic junctions and resolve heat ﬂows in such
junctions. Recently, calorimetric scanning thermal microscopy (C-SThM) [29]
probes, which are indeed capable of achieving the above-described goals, were
developed. As shown in ﬁgure 8.2, the micro-fabricated probes feature a suspended
island that is isolated by long ‘T’ shaped beams that feature a large thermal
resistance (RP ~ 1.3 × 106 K/W). Further, within the suspended island a highresolution Pt thermometer with a temperature resolution of <1 mK (in a 10 Hz
bandwidth) is embedded. These combined characteristics make it possible to
measure a thermal conductance variation of ~25 pW K−1, when a temperature
difference of ~20 K is applied across atomic-scale junctions. Moreover, the two long,
T-shaped SiNx beams, which are critical for achieving a large thermal resistance,
also feature very high stiffness values (>104 N m−1 in the normal direction) which
greatly reduces thermal ﬂuctuation [26] and enhances the stability of atomic
junctions.
In order to probe heat transport, atomic junctions were created by employing
approaches similar to those established in past pioneering works [30, 31].
Speciﬁcally, an STM break junction technique [32] is employed to stably create
and maintain the metallic atomic junctions. Brieﬂy, the Au-coated tip of the CSThM probe is displaced toward a planar Au substrate by piezoelectric actuation.
When Au on the tip makes contact with Au in the substrate the electrical
conductance of the junction reduces to a few hundred ohms (i.e. electrical
conductance values that are signiﬁcantly larger than G0). The tip is subsequently
slowly withdrawn from the contact (typically at a rate smaller than 1 nm s−1).
During this process, the nanoscale contact region thins continuously by mechanical
stretching until the formation of a single-atom junction as established in several past
works [32]. A voltage bias and a temperature differential are applied across the tip
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Figure 8.2. Experimental set-up and strategy for measuring heat transport in atomic junctions. (a) Schematic
of a micro-fabricated C-SThM probe. Simultaneous thermal and electrical transport measurements are
performed by monitoring the temperature change of the probe and the tunneling current ﬂowing across the
atomic junction, respectively. A resistance network is shown to illustrate the energy ﬂow (Q) and relevant
thermal resistance in the system, where RP and RAtom are the thermal resistance of the C-SThM probe and the
atomic junction, and T0, TP and TS correspond to the temperature of the thermal reservoir, the probe and the
substrate, respectively. (b) Schematics showing the forming, thinning and breaking of an atomic junction
during the withdrawal process of the C-SThM probe from the heated substrate. (c) SEM image (side view) of a
C-SThM probe with two long and stiff T-shaped SiNx beams. (d) SEM image (top view) of the probe featuring
an Au-coated tip (inset) and an integrated Pt thermometer on the suspended island. Reproduced with
permission from [29]. Copyright 2017 American Association for the Advancement of Science.

(at temperature TP) and the substrate (temperature TS) to quantify the electrical
conductance and thermal conductance simultaneously. Speciﬁcally, the electrical
current is measured using a current ampliﬁer connected in series with the junction,
while the heat current ﬂowing in or out of the C-SThM probe is quantiﬁed by
measuring the small temperature change (~1 mK or smaller) of the suspended island
(ΔTP), which is monitored via the integrated Pt thermometer. The thermal
conductance of the atomic junctions (GTh) can be related to the temperature change
by GTh = ΔTP/[RP(TS − TP − ΔTP)], where RP is the thermal resistance of the probe,
and TS and TP are the temperatures of the substrate and the probe, respectively.
Representative results from electrical and thermal transport measurements on Au
atomic junctions are summarized in ﬁgure 8.3. It can be seen that, as the separation
between the tip and substrate is increased, the electrical and thermal conductances of
the junction decrease in steps. It can be seen that the steps are found to favor values
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Figure 8.3. Experimentally measured quantized thermal transport in Au single-atom junctions. (a) Typical
measured traces of thermal (red) and electrical (blue) conductances, in the units of 2π2kB2T/3h (2g0, twice the
thermal conductance quantum) and 2e2/h (G0, the electrical conductance quantum), respectively. (b) and (c)
Histograms of electrical and thermal conductances, obtained from 2000 consecutively measured conductance
traces. (d) Analysis of the measured histograms of thermal and electrical conductances shows that the
Wiedemann–Franz law is valid at the atomic scale to predict the thermal conductance of Au atomic junctions
(the peak is at 1.06). Figure reproduced with permission from [29]. Copyright 2017 American Association for
the Advancement of Science.

corresponding to the multiple integers of the quantized conductances (G0 = 2e 2 /h for
electrical transport, and G0,Th = 2g0 = 2π 2kB2T /3h for thermal transport, where a
factor of 2 comes from the spin degeneracy in electron transport). By combining
~2000 consecutively obtained traces into the histogram of electrical and thermal
conductance, clear peaks are observed at 1G0 and 1G0,Th, which provide a deﬁnite
proof of thermal transport quantization in single-atom junctions.
In order to robustly estimate the electrical conductance of the junctions, an
unbiased statistical analysis was performed where histograms were constructed from
several hundred traces. Such an analysis is motivated by the fact that the transport
properties of atomic junctions are sensitive to the atomic-scale details of the
geometries. Further motivation comes from the fact that previous studies [33–35]
have shown that the presence of plateaus in conductance measurements is insufﬁcient evidence of transport quantization.
It is to be noted that strong quantum conﬁnement effects drive the energy level
spacing in metallic atomic junctions enabling energy level spacing of a few electron
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Figure 8.4. Experimental set-up for measuring heat transport in Au atomic junctions. (a) Schematics of the
experimental set-up. (b) Measured electrical (upper panel) and thermal (lower panel) conductance trace,
showing the stepwise behavior and the comparison with the prediction from the Wiedeman–Franz law. (c)
Histograms of thermal and electrical conductances built from 2000 out of 5000 measured traces. Reproduced
with permission from [36]. Copyright 2017 Macmillan Publishers.

volts, i.e. much larger than the thermal energy, making possible the above-described
observations of quantized thermal transport at room temperature.
The developed C-SThM technique also makes it possible to investigate the
validity of the Wiedemann–Franz law at the single-atom limit. The histogram in
ﬁgure 8.4(d) illustrates the ratio of the measured thermal to electrical conductance,
normalized by temperature and L0, G Th /GeTL 0. The Wiedemann–Franz law predicts
this ratio to be equal to one and indeed it can be seen that the most probably value is
very close to 1 (~1.06). According to the ab initio calculations performed for the Au
single-atom junctions, the observed deviation (~5%–10%) from the predicted value
can be attributed to the phononic thermal conduction, which is small due to the
mismatch of the vibrational energy spectrum between the atomic wire and the
macroscopic electrodes.
In addition to the experiments described above, Mosso et al [36] have also studied
heat transport across Au atomic-scale junctions using a different experimental
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technique that is shown in ﬁgure 8.4. Brieﬂy, they employed a suspended device with
an integrated thermal sensor to measure the temperature change upon the rupture of
an atomic junction, formed between an Au STM tip and an Au-coated region of the
suspended device. Similar to the data shown in ﬁgure 8.3(a), they showed a strong
correlation between the measured thermal and electrical conductance traces, which
established a stepwise behavior during the breaking process of the atomic junctions
(ﬁgure 8.4(b)). The Wiedemann–Franz law was also found to be valid at the atomic
scale by applying a histogram analysis on both the thermal and electrical signals.
Moreover, pronounced conductance peaks were observed at conductance values of
0.4G0,Th and 1.3G0,Th, rather than 1G0,Th, which is expected from the thermal
conductance quantization in such atomic system [29]. This discrepancy was
attributed to the potential existence of contaminant molecules (CO or H2O)
absorbed on the Au membranes.

8.4 Heat dissipation in atomic- and molecular-scale junctions
To understand how heat is dissipated (the Joule effect) in atomic-sized junctions, Lee
et al [37] developed an experimental approach that employed nanoscale thermocouple integrated scanning thermal microscope probes. In contrast to the C-SThM
probes described above, these probes feature a sensitive nanoscale thermal sensor
made of the Au–Cr junction (ﬁgure 8.5) which is located in close proximity to the
apex of the tip. Multiple layers of dielectric and metallic thin ﬁlms are deposited to
form a sharp tip with a diameter of less than 300 nm.
In order to probe heat dissipation, an atomic or single-molecule junction is
formed between the tip (coated with Au) and a ﬂat Au substrate. A voltage bias (V)
applied across the junction leads to a temperature rise of the nanoscale thermocouple (ΔT ) due to the energy dissipation. The temperature rise (ΔT ) is related

Figure 8.5. Experimental set-up for measuring heat dissipation in atomic-sized junctions. (a) SEM image of a
nanoscale thermocouple integrated scanning thermal microscope probe. (b) Schematics of a single-molecule
junction formed between the SThM tip (cross-sectional view) and a ﬂat Au substrate. A thermal resistance
network is shown on the right that represents the dominant thermal resistance to the dissipated heat ﬂow.
Figure reproduced with permission from [37]. Copyright 2013 Macmillan Publishers.
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to the measured thermoelectric voltage (ΔVTC ) across the thermocouple by
ΔT = ΔVTC /SAu−Cr , where SAu–Cr is the Seebeck coefﬁcient of the Au–Cr thermocouple. The heat dissipation (Q) in the Au electrode of SThM probe can
subsequently be quantiﬁed using Q = ΔT /R probe , where Rprobe is the thermal
resistance of the SThM probe.
This work revealed an intimate relationship between the heat dissipation and the
electronic transmission characteristics of atomic-sized junctions. As summarized in
ﬁgure 8.6, for single-molecule junctions that have transmission characteristics that
are strongly energy-dependent, asymmetric heat dissipation was observed in the two
electrodes between which the molecular junction is formed. Moreover, the heat
dissipation was found to depend strongly on both the bias polarity and the identity
of the majority charge carriers (electron- or hole-dominated transport in molecular
junctions). In contrast, for Au atomic junctions, which have weak energy-dependent
electronic transmission characteristics, the measured heat dissipation demonstrated
no appreciable asymmetry. These observations, in conjunction with the ﬁrstprinciples calculations, provided the ﬁrst experimental evidence that validates the
use of the Landauer transport framework to understand heat dissipation in systems
where elastic electron transport is dominant.

8.5 Peltier cooling in molecular-scale junctions
Current ﬂow across molecular junctions results in both heat dissipation via the Joule
effect and cooling via the Peltier effect. Net refrigeration can only be observed when
the Peltier cooling power is larger in magnitude than Joule heating. To probe the

Figure 8.6. Measured heat dissipation in single-atom and single-molecule junctions. (a) Main panel, measured
temperature rise of the thermocouple (ΔTTC,Avg) and the power dissipation in the probe (QP,Avg) as the
function of the total power dissipation (QTotal,Avg) in the molecular junction (Au-BDNC-Au). Inset, measured
temperature rise of the thermocouple as a function of the applied voltage bias. (b) Calculated zero-bias
electronic transmission function of the BDNC junction. HOMO: highest occupied molecular orbital; LUMO:
lowest unoccupied molecular orbital. Reproduced with permission from [37]. Copyright 2013 Macmillan
Publishers.
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cooling effect at the molecular scale, we developed an experimental platform, as
illustrated in ﬁgure 8.7. Speciﬁcally, we custom-fabricated calorimetric microdevices
with embedded high-resolution Pt thermometers that can resolve a temperature
change as small as 0.1 mK [38]. The microdevices feature four long and doubly
clamped SiNx beams to achieve excellent thermal isolation. These characteristics
enabled the measurement of heating and cooling power with ~30 pW resolution.
During the measurement, a sharp Au-coated contact-mode AFM tip (with a
radius of ~100 nm) is used to make a soft contact with a monolayer of organic

Figure 8.7. Experimental set-up of probing Peltier cooling in molecular junctions. (a) Schematic of the setup. Molecular junctions are created by contacting an Au-coated atomic force microscope (AFM) tip with a
monolayer of molecules self-assembled on an Au-coated calorimetric microdevice. The I–V characteristic of
molecular junctions is measured by supplying a small voltage bias across the junctions and monitoring the
resultant electric current. The heating or cooling effect in the current-ﬂowing molecular junctions is measured
by recording the temperature change of the microdevices using the embedded Pt thermometer. (b) SEM image
of the microdevice. (c) Chemical structures of the molecules studied including BP, BPDT and TPDT. (d)–(e)
Description of the Peltier effect in a molecular junction in which transport is HOMO and LUMO-dominated,
respectively. A Lorentzian shaped transmission function is depicted around the HOMO and LUMO levels of
the molecular junctions. μcal, Qheat and Qcool denote chemical potential, heating and cooling power,
respectively. Reproduced with permission from [38]. Copyright 2018 Macmillan Publishers.
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molecules that are self-assembled on the top Au layer of the microdevice. It can be
estimated that approximately 100 molecules are contained in the nanoscopic volume
between the AFM tip and the substrate. A small voltage bias (<20 mV) is applied
across the molecular junctions to generate heating and cooling in the electrodes,
which is captured on the side of the microdevice by the embedded Pt thermometer.
The electrical conductance of the molecular junction can be quantiﬁed by measuring
the resultant electrical current driven by the applied voltage bias, whereas the
Seebeck coefﬁcient of the molecular junctions could also be measured by applying
suitable temperature differentials and probing the resulting thermoelectric voltage.
The observation of Peltier cooling in prototypical molecular junctions
(Au–biphenyl-4,4′-dithiol (BPDT)–Au, Au–terphenyl-4,4′′(TPDT)-dithiol–Au, and
Au–4,4′-bipyridine (BP)–Au) is shown in ﬁgure 8.8. It can be seen that net
refrigeration occurs within a narrow voltage interval at small biases. The maximum
cooling power, observed in Au–BPDT–Au molecular junctions in this work, is
around 300 pW for approximately 100 individual molecules. Depending on the
identity of the majority charge carrier in the molecular junction, the voltage bias at
which net refrigeration occurs can be either positive (for LUMO-dominated
molecular junctions such as Au–BP–Au junctions) or negative (for HOMOdominated molecular junctions such as Au–BPDT–Au and Au–TPDT–Au

Figure 8.8. Measurement of the Peltier cooling, Seebeck effect and I–V characteristic of molecular junctions.
(a) Main panel: measured thermal power as the function of the applied voltage bias across the BPDT
molecular junctions. The solid red line indicates the ﬁtted curve using equation Q = QPel + QJoule =
GTSV + GV2/2 and the measured Seebeck coefﬁcient and electrical conductance. The shaded blue region
indicates the voltage region where net refrigeration is measured. Inset: the measured data and the ﬁtted curve
for voltage bias from –9 to 9 mV. The red arrow indicates the voltage at which the maximum cooling is
observed. (b) Measured Seebeck coefﬁcient (S) of the BPDT junctions. The red solid line indicates the best
linear ﬁt, with the slope showing the Seebeck coefﬁcient. Inset: the I–V characteristics of the junctions. (c) and
(e) The same as (a), but for TPDT and BP molecular junctions, respectively. (d) and (f) The same as (b), but for
TPDT and BP molecular junctions, respectively. Reproduced with permission from [38]. Copyright 2018
Macmillan Publishers.
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junctions). The parabolic shape of the heating or cooling power versus voltage bias
curve can be understood readily in the Landauer transport framework (section
8.2.2), that is, in the small bias limit the total heating or cooling power of the
molecular junction is the summation of the Peltier effect (QPel = GTSV ) and the
Joule effect (QJoule = GV 2/2), where G is the electrical conductance, S is the Seebeck
coefﬁcient, V is the applied bias and T is the absolute temperature. As described
above, our developed platform is capable of characterizing multiple transport
parameters including electrical conductance and the Seebeck coefﬁcient. Further
experimental investigations have demonstrated the remarkable consistency between
the measured heating and cooling power and the predictions of the Landauer
framework.

8.6 Measurement of thermal conductance of single-molecule
junctions
The study of heat transport in single-molecule junctions offers unique opportunities
to reveal the fundamental mechanisms of vibrational (phonon) energy transport.
Unlike heat transport in macroscopic and most mesoscopic materials where
incoherent phonons govern the energy processes, thermal phonons in short molecule
junctions transport coherently, even at room temperature. Peculiar phenomena are
expected to arise, such as quantum interference of thermal transport [39]. Moreover,
as natural one-dimensional physical systems, individual molecules may help provide
deep insight into understanding the Fermi–Pasta–Ulam problem [40], an over halfcentury-old research topic regarding the possibility of anomalous inﬁnitely large
thermal conductivity in one-dimensional systems.
As a ﬁrst step in the understanding of heat transfer at the single-molecule scale,
our recent experimental study [41] has measured the thermal conductance of a series
of single alkanedithiol molecule junctions and revealed the dependence of thermal
transport on the number of molecular units. Speciﬁcally, we leveraged the scanning
thermal microscopy SThM set-up (ﬁgure 8.9(a)) developed to measure the quantized
thermal transport in single metallic-atom junctions. Once a molecule junction is
trapped between the SThM tip and the substrate, the pre-applied temperature and
voltage bias differential will allow both the heat current and electrical current
ﬂowing through the molecule junction. Figure 8.9(b) shows the measured electrical
conductance and thermal conductance traces of a single hexanedithiol (C6) junction
right before and after the spontaneous junction rupture. It can be seen that while the
electrical signal exhibited a sudden drop by ~6 × 10−4 G0 indicating the existence of
a single-molecule junction, a corresponding conductance change is not discernible in
the simultaneously recorded thermal signal. To improve the signal-to-noise ratio of
thermal measurement, we implemented a time-averaging scheme by ﬁrst performing
hundreds of electrical and thermal measurements and then using the electrical
conductance versus time traces to identify the time point when the junction rupture
occurs. Using the electrical conductance signals as references, we then aligned and
averaged the measured thermal signal to obtain a time-averaged thermal conductance curve. In ﬁgure 8.9(c), the results of thermal conductance after averages over
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Figure 8.9. Measurements of the thermal conductance of single-molecule junctions. (a) Schematics of a single
molecule trapped between an Au-coated tip of the heated SThM probe and an Au substrate at room
temperature. The thermal conductance of single-molecule junctions is quantiﬁed by recording the temperature
change of the Pt heater-thermometer when a single-molecule junction is broken. (b) Experimental protocol for
measuring the thermal conductance of a single hexanedithiol (C6) junction. Upper panel: measured single
electrical conductance versus time trace showing junction rupture at t = tb accompanied by a sudden drop of
the conductance value. Lower panel: the simultaneously measured thermal conductance change (ΔGth) and
temperature change (ΔTP) showing a large noise background in which the expected thermal conductance
change is buried. (c) Improvement of the signal-to-noise ratio is clearly seen from the time-averaging of 20, 50,
100 and 300 traces. Gth,SMJ in the last panel indicates the measured thermal conductance of Au–C6–Au singlemolecule junctions. (d) Length-dependent electrical (blue diamonds) and thermal conductance (red triangles)
of single alkanedithiol molecule junction. Reproduced with permission from [41]. Copyright 2019 Macmillan
Publishers.

20, 50, 100 and 300 traces are illustrated, and reveal a clear thermal conductance
jump at the time point when the junction ruptures.
Following the same experimental protocol, we have studied a series of alkanedithiol molecule junctions with different molecular units (–CH2, from 2 to 10). As
shown in ﬁgure 8.9(d), the measured electrical conductance exhibits an exponentially
decaying behavior, as expected from the tunneling electron transport-dominated
mechanism in such junctions. However, the thermal conductance of alkanedithiol
molecules with different molecular lengths is observed to be nearly constant at a
value of approximately 20 pW K−1, strongly suggesting that phonon transport in
these junctions is ballistic. We have also performed ﬁrst-principles calculations
which provide strong support for the experimental observations and detailed
mechanisms in terms of the coherent vibrational energy transport in the singlemolecule junctions.
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8.7 Concluding remarks and outlook
Recently developed high-resolution scanning thermal microscopy techniques have
made signiﬁcant progress in probing energy transport in atomic-sized structures and
testing the limitations of existing theoretical frameworks. These techniques and
approaches set the stage for exploration of thermal and electrical properties of a
broad range of atomic- and nano-structures and materials. Below, we brieﬂy
highlight some of the open questions in the ﬁeld of atomic- and molecular-scale
thermal science and, in light of the recent experimental advancements, we believe the
ﬁrst sets of measurements to address these open challenges are possible in the near
future and would provide important insight into our current understanding of
energy processes at the fundamental limit.
A central challenge in the ﬁeld of thermoelectrics is to search for materials with a
high thermoelectric ﬁgure of merit ZT. Bismuth telluride, the mostly applied
thermoelectric material, possesses a ZT of ~1, corresponding to <20% of Carnot
efﬁciency in energy conversion applications. This is signiﬁcantly lower than the
thermodynamic efﬁciency of energy conversion technologies such as internal
combustion engines. A ZT > 3 is considered favorable to compete with traditional
technologies, in particular at or slightly above room temperature. One fundamental
question that remains to be answered in molecular systems is how high a value of ZT
can be achieved in principle. Recent theoretical studies [42–47] have predicted high
ZT values in speciﬁcally designed or synthesized molecular junctions due to
quantum effects that have no classical analogues. One may ask, can we design
proper experiments to validate these theoretical proposals? How can we rationally
design the chemical structure of molecules to selectively enhance favorable transport
properties and simultaneously suppress others for thermoelectric applications?
Another open question is to deepen our understanding of thermal (speciﬁcally
phonons) transport in one-dimensional molecular systems such as individual
polymer chains. Although previous experimental efforts [48–57] were made to
characterize thermal transport in ensembles of molecules, such as self-assembled
monolayers and polymer nanoﬁbers, the recent study of single-molecule junctions
allows one to resolve the issue of ensemble-based molecular measurements, such as
uncertainties due to the heterogeneities of the molecules as well as potential
inﬂuences of intermolecular interactions [58]. We expect that systematic experimental studies of single-molecule heat transport will enable comparisons among
competing theories and help set the design principles for organic molecules for
optimal thermal transport in soft materials.
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