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ABSTRACT: Molecular junctions exhibit a rich and tunable set of thermal transport phenomena. However, the predicted high
thermoelectric eﬃciencies, phonon quantum interference eﬀects, rectiﬁcation, and nonlinear heat transport properties of organic
molecules are yet to be veriﬁed because suitable experimental techniques have been missing. Here, by combining the break
junction technique with suspended heat-ﬂux sensors with picowatt per Kelvin sensitivity, we measured the thermal and electrical
conductance of single organic molecules at room temperature simultaneously. We used this method to study the thermal
transport properties of two model systems, namely, dithiol-oligo(phenylene ethynylene) and octane dithiol junctions with gold
electrodes. In agreement with our density functional theory and phase-coherent transport calculations, we show that heat
transport across these systems is governed by the phonon mismatch between the molecules and the metallic electrodes. This
work represents the ﬁrst measurement of thermal transport through single molecules and opens new opportunities for studying
heat management at the nanoscale level.
KEYWORDS: Thermal transport, single molecule, molecular junctions

H

was made describing junctions as Landauer systems with an
energy-dependent phonon transmission coeﬃcient calculated
using Green’s functions and density functional theory,2,5,8 or
approaches beyond the harmonic approximation.6 The Green’s
function method has also been employed to compute the
electronic contribution to heat transport. However, numerous
predictions of interference phenomena2,9,10 and nonlinear
eﬀects4 await experimental veriﬁcation.
The thermal conductance of a single molecular junction is
typically well below a thermal conductance quantum (284
pW/K at room temperature) and therefore diﬃcult to
measure. For example, alkanes chemically bound to two
metal thermal reservoirs, have measured and predicted thermal
conductance values on the order of tens of picowatts per
Kelvin.6,11 As these systems form self-assembled monolayers of
high quality, they can be measured using spatially averaging
methods like time/frequency-domain thermoreﬂectance12,13 or

eat transport through molecular systems takes place
through a wealth of transport mechanisms. When the
heat is carried by vibrations, these include ballistic and hopping
transport, phonon interference,1−3 rectiﬁcation4 and localization,5 and extend beyond equilibrium-based thermodynamic
transport.6 Molecular junctions represent an ideal platform to
probe quantum transport phenomena at the nanoscale, and
investigation of charge transport in these systems has led to
numerous fundamental discoveries in the last 20 years.7
Tuning the thermal properties of such molecular devices would
underpin numerous technologies based on heat management
at the nanoscale. However, the thermal characterization of
molecular junctions has not been experimentally accessible yet.
Both experimental and theoretical analyses of molecular heat
transport face severe challenges. To simulate phononic heat
transport in molecular junctions, diﬀerent length scales of heatcarrying phonons have to be taken into account, ranging from
Ångstroms to microns at ambient temperature. Molecular
dynamics simulations have been utilized in the classical or
high-temperature limit to identify the role of binding groups
and interference eﬀects.1 More recently, signiﬁcant progress
© 2019 American Chemical Society

Received: May 22, 2019
Revised: September 17, 2019
Published: September 27, 2019
7614

DOI: 10.1021/acs.nanolett.9b02089
Nano Lett. 2019, 19, 7614−7622

Letter

Nano Letters

Figure 1. Schematic of the measurement technique. (a) Schematic diagram of the experiment with the diﬀerent transport regimes I−II−III upon
breaking the tip-MEMS contact. The green meniscus represents the thermal contact with adsorbates on the MEMS. The thermal conductance of
the junction is obtained by measuring the four-probe resistance of the platinum heater (R = V4P/IH), which is directly related to its temperature TH,
and the total electrical power dissipated. Simultaneously, the electrical conductance is calculated from the tunneling current, ISTM, measured at a
ﬁxed bias voltage, Vbias. (b) Example of a typical opening trace showing the variation of the electrical conductance of the junction Gel normalized by
the conductance quantum G0 = 2e2/h and the overall thermal conductance of the Tip-MEMS system versus the tip displacement. (I) Au−Au
contact. (II) Formation of a single-molecule junction indicated by the electrical conductance plateau. The variation in thermal conductance can be
due to a modulation of the contact area with the adsorbates. (III) Breaking of the molecular junction, resulting in a small decrease of the overall
thermal conductance, on the scale of a few tens of pW/K.

scanning thermal microscopy.14 However, for most molecular
systems, ordered ﬁlms cannot readily be made and
uncertainties in the actual percentage of molecules bridging
the reservoirs still remain.13,14
Even though single-molecule measurements are prone to
diﬃculties, due to the experimental inaccessibility of the
atomic-scale environment of an individual molecular junction,
they would enable systematic studies of the relationship
between chemical structure and energy transport properties.
Indeed recently, experiments using break-junction techniques
have been used to probe the thermal conductance of atomic
point contacts.15,16
Here, for the ﬁrst time, we demonstrate how a combination
of a break junction with a suspended microfabricated heat ﬂux
sensor can be used to probe the thermal conductance of
molecular junctions. As model molecular systems, we have
chosen oligo(phenylene ethynylene)dithiol (OPE3) and
octaneditiol (ODT) contacted by gold electrodes. OPE3 is
probably the best-studied molecule for electrical transport,
with a widespread agreement reached by diﬀerent groups for
its electrical conductance,17−20 using both mechanically
controlled break-junctions2 (MCBJ) and break junctions
based on scanning tunneling microscopes (STM-BJ). However, heat transport through OPE3 with thiolate end groups
has neither been studied experimentally nor theoretically. On
the other hand, ODT is a member of the alkane family, whose
thermal transport properties have been intensively studied
both theoretically and experimentally. Nevertheless, the many
possible junction conﬁgurations recognized in the charge
transport experiments,21−24 make it a challenging system to
test the limits of our new method.
The experimental setup is represented schematically in
Figure 1a. In order to combine heat and charge transport
measurements at the single-molecule level, we devised
suspended micro-electro-mechanical systems (MEMS)15 char-

acterized by a low thermal conductance GMEMS ranging from
3.5 to 4.5 × 10−8 W/K. These devices consist of a central
membrane with a Pt heater/thermometer and a gold platform
that can be used to form electrical contacts with the tip of a
scanning tunneling microscope (STM). The membrane is
suspended via four silicon nitride beams, which are usually
oriented at 45° with respect to its axis to reduce the torsional
degrees of freedom. The MEMS are cleaned by a combination
of oxygen plasma and ion milling to remove contaminants
postfabrication and retrieve a fresh gold surface. OPE3 or
ODT are deposited on the gold platform by immersing the
entire MEMS in solutions of dichloromethane or ethanol,
respectively, with concentrations ranging from 0.1 to 1 mM for
30 s to 2 h. After the deposition, the samples are rinsed several
times in clean solvent to eliminate physically adsorbed
molecules. For a detailed description of the sample preparation
procedure, see the Supporting Information. We would like to
stress that depositing molecules from solution poses severe
challenges on the cleanliness of the gold surface, but it extends
considerably the variety of molecules that can be investigated.
All the measurements are performed at room temperature
and in high vacuum (∼10−7 mbar) within a custom-built STM,
located in a low-noise environment.25 The experiment consists
in performing STM-Break Junction (STM-BJ) measurements
with an electrochemically etched gold tip (typical tip radius
around 50 nm) on the gold platform of the suspended MEMS.
Measuring the electrical conductance Gel upon breaking the
tip-MEMS contact allows us to detect the formation of a
molecular junction. Prior to contact formation, the membrane
is heated to a temperature TH ∼ 350 K by applying a constant
voltage to the Pt-heater, which corresponds to few μW of
dissipated power. The temperature TH is continuously
monitored by measuring the four-probe resistance of the
heater and using the previously calibrated temperature
coeﬃcient of resistivity α = 1.37 × 10−3 K−1, which is in the
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Figure 2. Experimental (a, b) and theoretical (c−e) results for OPE3-dithiol. (a) Electrical 2D and 1D histograms constructed with 411 traces
measured at a ﬁxed voltage of 50 mV and a pulling speed v = 3 nm/s at an angle of 40° with respect to the MEMS surface. From the histograms, we
can extract the molecular electrical conductance of about 2.7 × 10−4 G0. The orange 1D histogram indicates the electrical conductance of the
junction before breaking, reconstructed from the 2D histogram in the displacement range between −0.5 and 0.2 nm. (b) 2D Thermal conductance
histogram for OPE3. The width of the mean line (light blue) includes the total uncertainty of the extracted thermal conductance and shows a clear
step around 0 (breaking point of the molecular junction). The black lines represent the linear ﬁts of the mean before and after the step, giving a
thermal conductance k = (20 ± 6) pW/K. (c) Transmission coeﬃcient Tph of phonons with energy ℏω. (d) Transmission coeﬃcient Tel of
electrons with energy E. (e) Calculated thermal conductance kph due to phonons versus temperature T. The inset shows the thermal conductance
due to electrons versus the Fermi energy at room temperature.

expected range for Pt thin ﬁlms. The thermal conductance kth
of the MEMS is calculated by dividing the total power
provided to the heater and the ΔT = TH − TAMB generated
with respect to the substrate. When the tip, also at room
temperature TAMB, is brought into contact with the MEMS, the
total thermal conductance increases because of the additional
heat ﬂux to the tip. The diﬀerence between these two values
corresponds to the thermal conductance of the contact formed.
Figure 1b shows an example of a single opening trace
measured by retracting the tip at 25° with respect to the
MEMS surface in order to take advantage of the greater inplane stiﬀness15 at a speed of 2 nm/s. Lower angles led to
irreproducible results indicating that including roughness the
local angle between tip and surface is smaller. We calculate the
stiﬀness normal to the MEMS surface about 0.7 N/m and the
in-plane stiﬀness 540 N/m, resulting in an eﬀective stiﬀness on
the order of 10s of N/m (SI). Note that the plotted thermal
conductance includes both the contributions of the MEMS
(∼45 nW/K) and the contact with the tip. We can distinguish
three diﬀerent transport regimes within the trace: (I) Au−Au,
(II) Au-molecule-Au, (III) Au-tunneling-Au. During the
thinning of an Au−Au point contact (I), the thermal
conductance of the junction is proportional to the electrical

one, decreasing in a step-like fashion because of the quantized
availability of electron channels. Hereby, the last few channel
changes coincide with the number of atoms bridging the
contacts after rearrangement. Most of the heat is transported
by electrons following the Wiedemann−Franz law.15,16 Some
traces exhibit a second regime (II), in which Gel shows a
plateau indicating the formation of a molecular junction.26
Finally, in the last regime (III), the molecular junction is
broken. The thermal conductance of the molecule can then be
obtained from the signal change around the breaking point of
the junction.
A similar plateau might be expected for the thermal
conductance in the second regime (II). However, a linear
decrease is usually observed versus tip displacement, with
slopes ranging between 0.5 and 3 nW/(K nm). This is caused
by additional thermal conductance paths around the actual
molecular junction. These paths have relatively long-range and
can be attributed to three eﬀects. First, even clean gold surfaces
can show signiﬁcant heat transfer of this magnitude due to
thermal near-ﬁeld radiation.27,28 The magnitude of the nearﬁeld contribution is under debate.27,28 Second, despite the
cleaning processes described above, there may be residues and
spurious molecules present on the surface from processing and
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Figure 3. Experimental (a, b) and theoretical (c−e) results for octane-dithiol (ODT). (a) Electrical 2D and 1D histograms constructed with 615
traces measured at a ﬁxed voltage of 90 mV and a pulling speed v = 3 nm/s at an angle of 40° with respect to the MEMS surface. From the
histograms, we can extract the most probable molecular electrical conductance of about 7 × 10−5G0. Note that the peak shifts to 5 × 10−5G0 before
breaking (orange 1D histogram). (b) 2D Thermal conductance histogram. The width of the mean line (light blue) includes the total uncertainty of
the extracted thermal conductance and shows a clear step around 0 (breaking point of the molecular junction), giving a thermal conductance k =
(29 ± 8) pW/K. (c) Transmission coeﬃcient Tph of phonons with energy ℏω. (d) Transmission coeﬃcient Tel of electrons with energy E. (e)
Calculated thermal conductance kph due to phonons versus temperature T. The inset shows the thermal conductance due to electrons versus the
Fermi energy at room temperature.

solvent exposure steps. Third, also the target molecules
deposited from the solution that are not directly bridging the
electrodes form a thermal contact. Such adsorbates, sketched
as the green layer in Figure 1, are only weakly bonded to the
gold electrodes and make a negligible contribution to the
electrical conductance of the junction. They will be not
chemically bound to both surfaces, but they can carry
signiﬁcant heat via the van der Waals bonds;5,12,14 they form
a strong mechanical contact between tip and MEMS, with a
typical thermal conductance of about 10−30 nW/K that
depends on their relative distance. The reproducibility and the
slope of the background signal are more important than its
magnitude. We note that even in nominally clean experiments,15,16,27,28 in the near-ﬁeld radiation regime exhibit
background slopes between 0.5 and 8 nW/K/nm, similar to
the range reported here.
Upon retracting the tip, the contact area with the adsorbate
layer and the inﬂuence of radiation are gradually reduced,
giving rise to the thermal background observed in the opening
traces. Notably, thermal conductance variations versus tip−
surface distance with similar slopes were recently measured in
near-ﬁeld heat transport measurements between nominally
clean surfaces in UHV, even after thorough in situ cleaning
procedures. This indicates that the contribution of radiation to
the distance-dependent thermal conductance at nm distances

cannot be excluded and most likely cannot be avoided
experimentally.27,28 Under our experimental conditions, the
thermal background is stable and does not signiﬁcantly change
during repeated opening and closing of the break-junction
contact, remaining approximately linear in the region of
analysis described below.
Figure 2 illustrates the experimental procedure to extract the
thermal conductance of the OPE3 molecule, using the
electrical signal to verify the formation of molecular junctions.
As in a standard break junction measurement, we collect
typically 2000−5000 traces per data set and construct 1D and
2D histograms for the electrical (Figure 2a) and thermal
(Figure 2b) conductance opening traces. We then rescale the
displacement and the thermal conductance axis by shifting
their origin to the breaking point of the molecular junction.
This means that for every trace that has a deﬁned molecular
signature in the electrical signal (see section data analysis
procedure of the Supporting Information), we locate the
breaking point of the molecular plateau in the electrical
conductance trace and use this to rescale the distance and
thermal conductance traces. Rescaling here refers only to
shifting the origin of the displacement axis to the breaking
point of the molecular plateau signal in each curve (no
stretching factor was introduced). In the literature,21,24,29 such
shifts are made with respect to the conductance signal falling
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Figure 4. Summary of the experimental results obtained for OPE3 (a) and ODT (b). By performing the weighted average of the diﬀerent
experimental data points for each molecule, we obtain k = (23 ± 5) pW/K for OPE3 and k = (37 ± 5) pW/K for ODT. The experimental
uncertainty is represented by the shaded region around the mean value (blue line). 1D and 2D histograms relative to the data points in panels a and
b are provided in the Supporting Information.

phonons with energies higher than 20 meV are ﬁltered (Figure
2c) and the phonon thermal conductance for temperatures
higher than ∼200 K (Figure 2e) saturates to 19 pW/K in
excellent agreement with the experimental data.
In order to calculate the electrical properties of the
junctions, we combine DFT mean-ﬁeld Hamiltonians of each
junction with the Green’s function method to calculate
transmission coeﬃcient Tel(E) for electrons traversing from
the hot electrode to the cold one (Figure 2d) through the
molecules (see computational methods in the Supporting
Information). The electron transmission through OPE3 is
dominated by their highest occupied molecular orbitals
(HOMO) in agreement with previous reports.18 The electrical
conductance is then obtained using the Landauer formula. At
low temperatures, the conductance G = G0Tel(EF) where EF is
the Fermi energy of electrodes.31 In addition, the room
temperature thermal conductance due to electrons can be
calculated from the electron transmission Tel as a function of
the electrodes Fermi energy EF, as shown in the inset of Figure
2e. At the DFT predicted Fermi energy (EF = 0), the thermal
conductance due to electrons is <0.1 pW/K, which is much
smaller than the phonon contribution. In addition, for a wide
energy range around EF = 0, the contribution of electrons to
the total thermal conductance is negligible.
The same experimental and theoretical methods were then
applied to study the thermal transport properties of ODT
(Figure 3). In contrast to OPE3, the junction dynamics of
ODT show stronger variation in independent reports. Diﬀerent
conductance values observed are attributed to various binding
conﬁgurations of the S−Au bond,23,32 gauche defects,24,33 and
a higher likeliness to observe multiple-molecules in a single
junction.21,34 Nevertheless, there is some consensus about the
frequently observed electrical conductance of 5 × 10−5 G0
relating to the atop−atop conﬁguration of a single stretched
ODT the molecule.21 Most of the histograms show a
prominent peak at 5−7 × 10−5 G0, which we attribute to the
atop−atop conﬁguration. With lower probability, we observe
plateaus at 1 × 10−5 G0 and at about 1 × 10−4 G0, in agreement
with a recent robust statistical approach.24 Therefore, to
simplify the analysis of the thermal signal, we focus on the
atop−atop junction conﬁguration considering molecular traces
with plateaus between 2 and 8 × 10−5 G0. For this junction
geometry, we obtain a thermal conductance k = (29 ± 8) pW/

below the conductance quantum, i.e., the breaking of the
metal−metal contact. In any case, the rescaling helps to
accommodate for drift and statistical variations of the breaking
process.
Few examples of single traces with and without deﬁned
molecular plateaus are given in the Supporting Information. In
this way, we can construct 2D histograms of the thermal
conductance versus the displacement and average over the
changes occurring in every trace when the junction breaks. To
extract the thermal conductance of the molecule, we take the
diﬀerence of the linear ﬁts of the mean of the thermal
background before and after the breaking point, see Figure 2b.
The variation of the slopes extracted from the ﬁtting of
diﬀerent data sets appears random and is included in the
reported uncertainty. On the small ﬁtting range of few
Ångströms, nonlinear ﬁts did not yield better results. On a
larger length scale, however, there is no prior assumption on
the linearity of the background signal.
Applying this method to dithiol-OPE3s, Figure 2a,b, we ﬁrst
note that the observed single peak in the electrical conductance
histogram at 2.7 × 10−4 G0 (where G0 = 2e2/h is the electrical
conductance quantum), is in excellent agreement with several
independent reports in diﬀerent environmental conditions17,29,30 indicating single-molecule OPE3 junctions. The
mean of the 2D thermal histogram shows a clear step in the
thermal background at the breaking point of the molecular
junction (d = 0 nm), Figure 2b. The diﬀerence at 0 between
the linear ﬁts of the mean gives a molecular thermal
conductance k = (20 ± 6) pW/K.
To construct a theoretical description of thermal transport,
we use density functional theory (DFT) to obtain the
optimized geometry of each junction. We then use the
harmonic approximation to calculate forces on each atom in
order to study the vibrational properties of the junctions. Using
these force matrices, we obtain a dynamical matrix and
combine it with the Green’s function method to calculate the
transmission coeﬃcient Tph(ℏω) of phase-coherent phonons
with energy ℏω traversing from one electrode to the other.
The thermal conductance due to phonons is then obtained
from Tph(ℏω) using a Landauer-like formula8,31 (see computational methods in the Supporting Information). Figure 2C
shows the phonon transmission coeﬃcient Tph of OPE3. Due
to the low Debye frequency of gold electrodes (∼20 meV),8
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the thermal background, which also stabilize the junction
mechanically. This, when combined with the contribution of
the in-plane stiﬀness of the MEMS, can lead to an eﬀective
stiﬀness larger than the chemical bonds of the molecular
junction. Evidence for this is the fact that we can controllably
break a gradually thinning metal−metal contact. The stiﬀness
of an initial multi atom-wide contact is much larger than a
single molecular bond. Therefore, either the restoring force
reduces signiﬁcantly with pulling distance, or, otherwise, the
contact would directly rupture from a larger contact area
instead of going through the gradual changes. In fact, the latter
is what we observe, if we perform experiments at a vertical
pulling angle with only the smaller normal stiﬀness of the
MEMS.
One conﬁrmation that either the spring constant must be
larger than ∼10 N/m or the breaking force must be smaller
than 0.1 nN can also be concluded from the fact that the Au−
Au contact can be gradually broken. As seen in the individual
sample traces, breaking from a 2 G0 or 3 G0 plateau to a 1 G0
plateau can be observed in many traces. If the break force was
in the force-driven regime, then the tip would apply a force of
2−3 nN to the 2−3 G0 contact. The backlash after breaking of
this would have to be eﬃcient enough to reduce the force to
below 1 nN as to not immediately break the 1 G0 bond during
the same breaking event. However, the maximum backlash
would be the length of stretching of a single atom gold wire,
and at room temperature, the average plateau length is below
0.1 nm (Supporting Information). In contrast, a spring
constant of only 1 N/m combined with a breaking force of 1
nN needs a minimum of 2 nm to relieve a force related to the
transition from 3 G0 to 1 G0.
The Supporting Information comprises a detailed discussion
on the potential error induced by the backlash issues based on
the above arguments.
From studies of thermal transport across self-assembled
monolayers,41 we learn that the environment of a molecule can
inﬂuence its vibrational freedom and therefore the transport
characteristic. In break junction experiments, however, the
molecule is not in a densely packed conﬁguration such as in
self-assembled monolayers. Therefore, the environment has no
signiﬁcant inﬂuence on the thermal conductance other than
providing a slowly varying background. The expected mobility
of unbound molecules and the immobility of molecules bound
to one of the electrodes leads us to believe that molecular
rearrangement cannot be a source of major inﬂuence on the
observed step change. The relatively slow measurement
(compared to the molecular rearrangements time scale) and
statistical analysis is expected to average out diﬀerent
conﬁgurations of surrounding molecules and the probed
junction.
We not only ﬁnd good agreement between theory and
experimental data but also note that our data agrees with
expected bounds from reference data on similar systems. While
heat transport of the thiol-bound OPE3 system has not been
studied before, there are simulations (based on a similar
approach to ours) for Au-OPE3-Au junction using amine
anchor groups2 yielding ∼24 pW/K, suggesting a very similar
bonding strength of the respective anchor groups. Simulations
of OPE3 bound to silicon3 predicting ∼60 pW/K highlights
the role of a higher Debye temperature of Si compared to Au
electrodes, which allows higher frequency phonon transport
leading to higher thermal conductance.

K. Simulations were based on the atop−atop conﬁguration
(inset of Figure 3a) resulting in a thermal conductance value of
22 pW/K at room temperature (Figure 3e) in reasonable
agreement.
When the tip is pulled from the electrode surface even with
an angle, there may be a backlash because the system has a
limited mechanical compliance.15 This backlash can translate
into a modiﬁcation of the thermal signal due to the distancedependent thermal background. In what follows, our aim is to
demonstrate that the eﬀect of a backlash is not signiﬁcant in
our case.
First, for a given stiﬀness of the MEMS and the stiﬀness of a
molecular bond, the backlash should lead to a certain backlash
distance. Then, for diﬀerent slopes of the thermal background
signal, we should have an apparent step in the thermal
conductance trace in proportion to the slope of the
background signal. To test this, we repeated the experiment
for both OPE3 and ODT on the same respective sample on
diﬀerent spots and on diﬀerent samples (Figure 4). We found
the slope of the background varying from measurement to
measurement within certain limits, while the MEMS stiﬀness
should be approximately constant. Within our uncertainty, we
do not observe any signiﬁcant dependence of the thermal
conductance of OPE3 and ODT on the background slope
(Figure 4). Therefore, we can argue that the backlash cannot
be signiﬁcant. By taking the weighted average of the diﬀerent
data points, we obtain k = (23 ± 5) pW/K for OPE3 and k =
(37 ± 5) pW/K for ODT. We note, the same method was
applied to gold−gold junctions leading to the results reported
by two independent studies,15,16 Figure S3. In particular, we
obtain a thermal conductance of 540 pW/K for a single gold
atom contact (or atomic chain), which is very close to the
value predicted by the Wiedemann−Franz law of 577 pW/K,
for one electrical conductance quantum at T = 305 K.
A second independent argument that a backlash cannot be
responsible for the observed step-change in thermal conductance comes from performing a test using closing traces.
The junction formation yield is typically smaller for closing
traces. Nevertheless, we were able to collect suﬃcient traces in
the case of ODT with a clear molecular signature. We obtained
similar values of thermal conductance upon forming molecular
junctions within closing traces (k = 35 ± 7 pW/K from 440
traces, see Figure S4). The mechanics of a loaded spring is very
diﬀerent for a closing trace, in which a junction can be formed
with a much reduced or even insigniﬁcant backlash. We
estimate that a sensor stiﬀness of >20 N/m is required to
produce this result (Supporting Information).
Finally, it is well-known that bond breaking is a thermally
activated process that can be accelerated exponentially by an
applied pulling force. Spontaneous, and therefore backlashfree, bond breaking is favored if suﬃcient time is given. Huang
et al.35 reported spontaneous bond breaking of ODT junctions
at pulling velocities below 7 nm/s using an STM tip. Nef et
al.36 observed only a minority of breaking processes
accompanied by measurable backlash using a sensor of 3−4
N/m pulling at 15 nm/s. Increasing the pulling velocity to 18
and 40 nm/s (with stiﬀer sensors) ﬁnally resulted in
appreciable backlash according to other reports.37,38 In
contrast, our experiments use the pulling speed of 2−3 nm/
s. Therefore, we expect no backlash, taking into account these
literature items.
A further contributing eﬀect to the absence of a backlash is
that the nonchemically bound molecules were contributing to
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higher density of phonon states at the connection point to
electrodes in ODT.
Nevertheless, the diﬀerence in thermal conductance between
the two systems is less than a factor of 2 in the experiments.
This underpins the more general notion that the variation in
thermal conductivity between solid materials is rather limited
when compared to the tunability of charge or photon transport
in matter. In order to manipulate thermal transport, we,
therefore, need to employ strategies based on phonon
engineering in molecular systems carefully. These include, for
example, placing Fano-resonances in the integration window of
frequencies oﬀered by the electrodes to reduce thermal
conduction.9,10 Furthermore, phonon interference of two
conduction paths along a molecule is another interesting
candidate mechanism. The proposed mechanisms, in general,
rely on a speciﬁc transport regime. One of the main aspects of
the theoretical description allied here is the phase coherence
nature of transport. Through the quantitative agreement
between experiment and theory, one of our main results is
the conﬁrmation of the phonon transport being phasecoherent along these junctions.
In conclusion, we demonstrated the ﬁrst measurement of the
thermal conductance of single-molecule junctions. We applied
this method to the two benchmark molecules OPE3 and ODT
and found good agreement with our ab initio simulations,
based on phase-coherent heat transport at the single-molecule
level. Given the versatility of the approach, we expect this work
to enable systematic investigations of molecular-scale heat
transport, opening new possibilities for engineering materials
with tailored thermal transport properties.

Thermal transport through SAMs of alkanethiols between
diﬀerent materials, in contrast, have been studied using
diﬀerent methods, demonstrating that the thermal conductance is independent of the molecular length with more than 8
C atoms.12,39,40 Interesting phonon ﬁltering eﬀects were
instead simulated and probed for shorter chains.14 Thermal
conductance values up to a maximum of 14 pW/K were
reported for C10S2 and C11S2 with gold electrodes,13,41 in
contrast with the usually higher values predicted by molecular
dynamics (MD) simulations ranging between 25 pW/K11,13
and 45 pW/K.42,43 This discrepancy is attributed to
uncertainty in the number of molecules in contact with the
electrodes because of roughness. Interestingly, our experimental and theoretical results ﬁt well with the available MD
simulations. Another ab initio study44 predicts k = 35 pW/K
for ODT between gold electrodes. We attribute this variation
in the predictions and experimental results to the complex
behavior of the molecule in the junction, which includes not
only bonding geometries but also the ability of the ODT to
form gauche defects. This needs further systematic investigations in future studies.
Thermal transport in both OPE3 and ODT is dominated by
phonons with negligible contributions from electronic transport channels. The electrical conductance of OPE3 is higher
than that of ODT for a wide range of energies around the DFT
Fermi energy (EF = 0), as shown in Figures 2d and 3d.
Consequently, the room temperature thermal conductance of
ODT due to electrons is lower than that of OPE3 for a wide
range of Fermi energies, in agreement with the Wiedemann−
Franz law (inset of Figures 2 and 3e). At the DFT Fermi
energy EF = 0, the electronic thermal conductance of OPE3
and ODT are 0.07 pW/K and 0.01 pW/K, respectively.
Although the electronic contribution to heat transport is found
negligible in these systems, it is interesting to discuss, why a
deviation from the Wiedemann−Franz law could lead to a
more appreciable contribution. The Wiedemann−Franz law
holds only when electron transmission coeﬃcient T(E) is
linear in the scale of kT. In both OPE3 and ODT, T(E) is
linear in the scale of kT (25 meV at room temperature) in the
vicinity of Fermi energy (Figures 2d and 3d). Therefore, the
Wiedemann−Franz law holds, and κel = αTG, where α is the
Lorenz number, T is temperature, and G is electrical
conductance
It is worth to mention that we have chosen two molecular
backbones, which by chemical design are diﬀerent. The OPE3
molecule has double and triple bonds and is very stiﬀ
compared to the more compliant and ﬂexible alkane backbone.
A stiﬀer material has in general higher phonon propagation
speed (or velocities of sound) leading to larger thermal
conductance. However, we observe that ODT is the better
thermal conductor. This can be explained within the phonon
mismatch picture. The frequencies of heat-carrying phonons in
the gold electrodes are relatively low due to the large mass of
the gold nuclei. To quantify, we have to remember that a sum
over all phonon frequencies needs to be made to account for
all heat transport, which reaches 20 meV. The phonon
transmission spectra of Figures 2c (OPE3) and 3c (ODT)
show transmitting modes in this range. The videos in the
Supporting Information show the motion of both OPE3 and
ODT due to diﬀerent phononic modes below the Debye
frequency of gold. While modes are found in both, the width of
the phonon transmission resonances overall is greater in ODT
(Figure 3c) compared with OPE3 (Figure 2c), which implies a
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Olziersky, D. Dávila Pineda, F. Koenemann, P. Nirmalraj, A.
Prasmusinto, and F. Menges. Special thanks go to K. Weiland
and M. Mayor for the puriﬁcation step of the OPE3 molecules.
The authors acknowledge the Leverhulme Trust for
Leverhulme Early Career Fellowships nos. ECF-2017-186
and ECF-2018-375 and UKRI for Future Leaders Fellowship
no. MR/S015329/1. Further support from the U.K. EPSRC is
acknowledged, through grant nos. EP/M014452/1, EP/
P027156/1, EP/N017188/1, and EP/N03337X/1. This
project has received funding from the European Union’s FP7
ITN “MOLESCO” project no. 606728 and Horizon 2020
research and innovation programs under grant agreement nos.
767187 (QuIET) and 766853 (EFINED).

■

REFERENCES

(1) Hu, L.; Zhang, L.; Hu, M.; Wang, J. S.; Li, B.; Keblinski, P.
Phonon Interference at Self-Assembled Monolayer Interfaces:
Molecular Dynamics Simulations. Phys. Rev. B: Condens. Matter
Mater. Phys. 2010, 81 (23), 1−5.
(2) Martin, C. A.; Smit, R. H. M.; Egmond, R. Van; Van Der Zant,
H. S. J.; Van Ruitenbeek, J. M. A Versatile Low-Temperature Setup
for the Electrical Characterization of Single-Molecule Junctions. Rev.
Sci. Instrum. 2011, 82 (5), 053907.
(3) Markussen, T. Phonon Interference Effects in Molecular
Junctions. J. Chem. Phys. 2013, 139 (24), 244101.
(4) Segal, D.; Nitzan, A. Heat Rectification in Molecular Junctions. J.
Chem. Phys. 2005, 122 (19), 194704.
(5) Segal, D.; Nitzan, A.; Hänggi, P. Thermal Conductance through
Molecular Wires. J. Chem. Phys. 2003, 119 (13), 6840−6855.
(6) Segal, D.; Agarwalla, B. K. Vibrational Heat Transport in
Molecular Junctions. Annu. Rev. Phys. Chem. 2016, 67 (1), 185−209.
(7) Cuevas, J. C.; Scheer, E. World Scientific 2017, 15, 1.
(8) Sadeghi, H.; Sangtarash, S.; Lambert, C. J. Oligoyne Molecular
Junctions for Efficient Room Temperature Thermoelectric Power
Generation. Nano Lett. 2015, 15 (11), 7467−7472.
(9) Famili, M.; Grace, I.; Sadeghi, H.; Lambert, C. J. Suppression of
Phonon Transport in Molecular Christmas Trees. ChemPhysChem
2017, 18 (10), 1234−1241.
(10) Sadeghi, H. Quantum and Phonon Interference-Enhanced
Molecular-Scale Thermoelectricity. J. Phys. Chem. C 2019, 123 (20),
12556−12562.
(11) Duda, J. C.; Saltonstall, C. B.; Norris, P. M.; Hopkins, P. E.
Assessment and Prediction of Thermal Transport at Solid-SelfAssembled Monolayer Junctions. J. Chem. Phys. 2011, 134 (9),
No. 094704.
(12) Losego, M. D.; Grady, M. E.; Sottos, N. R.; Cahill, D. G.;
Braun, P. V. Effects of Chemical Bonding on Heat Transport across
Interfaces. Nat. Mater. 2012, 11 (6), 502−506.
(13) Majumdar, S.; Sierra-Suarez, J. A.; Schiffres, S. N.; Ong, W. L.;
Higgs, C. F.; McGaughey, A. J. H.; Malen, J. A. Vibrational Mismatch
of Metal Leads Controls Thermal Conductance of Self-Assembled
Monolayer Junctions. Nano Lett. 2015, 15 (5), 2985−2991.
(14) Meier, T.; Menges, F.; Nirmalraj, P.; Hölscher, H.; Riel, H.;
Gotsmann, B. Length-Dependent Thermal Transport along Molecular
Chains. Phys. Rev. Lett. 2014, 113 (6), No. 060801.
(15) Mosso, N.; Drechsler, U.; Menges, F.; Nirmalraj, P.; Karg, S.;
Riel, H.; Gotsmann, B. Heat Transport through Atomic Contacts.
Nat. Nanotechnol. 2017, 12 (5), 430−433.
(16) Cui, L.; Jeong, W.; Hur, S.; Matt, M.; Klöckner, J. C.; Pauly, F.;
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