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The study of thermoelectric and thermal properties of single-molecule junctions is expected
to provide important insights into the relationship between molecular structure and the resul-
tant transport properties. Computational studies have predicted several interesting thermo-
electric effects in molecular junctions including the possibility of simultaneously achieving a
large electrical conductance and Seebeck coefficient. The experimental techniques required
to study these interesting thermoelectric properties—at the single/few molecule level—have
been developed recently and are described in detail here. Thermal transport properties of
single-molecule/polymer junctions have also been computationally studied and various inter-
esting predictions have been made. Although pioneering measurements of thermal transport
in monolayers of molecules and polymer nanofibers have been accomplished, to date it has
not been possible to probe heat transfer at the single–molecule/polymer chain level. Here, we
outline the challenges in performing such measurements and suggest possible approaches to
overcome them.

1. INTRODUCTION

Unusual charge and energy transport phenomena—with important technological applica-
tions—are expected to arise in molecular junctions that are created by trapping short
nanometer-sized organic molecules between inorganic electrodes.1−3 A variety of interest-
ing phenomena such as negative differential electric resistance,4,5 rectification of electric
current,6−8 switching,9,10 and field-effect gating11 have all been observed in specifically
tailored molecular junctions and present great potential for advancing electronic applica-
tions. More interestingly, recent computational studies12−16 have also suggested that it
should be possible to create junctions with large thermoelectric efficiencies using suitably
tailored organic molecules.

In fact, using the techniques of organic chemistry, one can synthesize millions of
molecules with different molecular structures. These organic molecules can in principle
be used to build a huge variety of electronic devices and materials with a range of desirable
properties. However, before such devices and materials are created, it is necessary to under-
stand the charge and energy transport properties of nanometer-sized molecular junctions.
In this chapter, we will first provide a brief description of the Landauer approach17,18 that
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NOMENCLATURE

D(E) local density of states
Ef chemical potential, J
E0 energy about which the

Lorentzian is centered, J
e charge of an electron, C
fL Fermi-Dirac distribution

of the left electrode
fR Fermi-Dirac distribution

of the right electrode
G0 quantum of electrical

conductance (2e2/h), 1/Ω
gL Bose-Einstein distributions

of the left electrode
gR Bose-Einstein distributions

of the right electrode
Ge electrical conductance of a

molecular junction, 1/Ω
Gth thermal conductance of a

molecular junction, W/K
HOMO highest occupied molecular

orbital
h Planck constant, J s
I Electric current, A
Jelectrons heat current due to electrons, W
Jphonon heat current due to phonons, W
k thermal conductivity due

to both electrons and
phonons, W/m K

kB Boltzmann constant, J/K
LUMO lowest unoccupied molecular

orbital
N number of lattice points
S Seebeck coefficient of the

material, V/K
Sjunction Seebeck coefficient of the

junction, V/K
T temperature, K
TL temperature of the left

electrode, K
TR temperature of the right

electrode, K
∆T temperature differential

(TL − TR), K
V voltage, V
∆V voltage difference (VL − VR), V
Γ full width at half maximum of

the transmission function, J
ηC Carnot efficiency
ηCA Curzon-Ahlborn efficiency
σ electrical conductivity, 1/Ω m
τ(E) energy-dependent transmission

function of electrons
τ(υ) frequency-dependent

transmission function of
phonons

υ frequency of phonons, Hz

is widely used to describe charge and energy transfer in molecular junctions. Further, we
will describe some of the recent computational work that suggests that molecular junctions
can be tailored to achieve large thermoelectric efficiencies. In addition to this, we will also
present past theoretical and computational work on thermal transport in single-molecule
junctions and single-polymer chains. Subsequently, we will describe the experimental tech-
niques currently available to probe the thermoelectric properties (both the Seebeck coef-
ficient and the electrical conductance) of single-molecule junctions and describe some of
the interesting results obtained from such studies. Finally, we will discuss the challenges in
experimentally probing thermal transport in single-molecule junctions and suggest some
potential approaches to overcome this challenging instrumentation problem.
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2. THEORETICAL FRAMEWORK FOR DESCRIBING CHARGE AND
ENERGY TRANSFER IN MOLECULAR JUNCTIONS

The Landauer model has been widely used to characterize charge and heat transfer in the
ballistic regime.17 Here, we will first introduce the formalism used to describe the electri-
cal response of molecular junctions to an applied voltage differential [Fig. 1(a)]. We will
also extend this analysis to describe the open-circuit voltage of junctions with tempera-
ture differentials applied across them [Fig. 1(b)]. Finally, we present the formalism used
to describe heat currents in molecular junctions [Fig. 1(c)]. We note that the description
provided here is relatively brief, since a more detailed explanation of the Landauer model
is available in many review articles3,19 and textbooks.17,20

In order to understand the electrical conductance and Seebeck coefficient of molecular
junctions, it is instructive to visualize the electronic structure of a molecule before and
after it makes contact with electrodes. When a single molecule is not interacting with its
surroundings, its energy levels are discrete. Further, if the molecule is in its ground state,
all the energy levels below a certain orbital called the lowest unoccupied molecular orbital
(LUMO) are occupied and all the orbitals above the highest occupied molecular orbital
(HOMO) are empty. When a molecule is in contact with two metal electrodes, as shown
in Fig. 2(a), the energy levels in the spatial location of the molecule realign and broaden
due to interaction with the electrodes.17 In such a junction, all the energy levels below the
equilibrium chemical potential (Ef ) of the electrodes are occupied and all the energy levels
above are empty.

If a voltage bias (V ) is applied between the electrodes [as shown in Fig. 2(b)], a
nonequilibrium scenario arises where the left and right electrodes are at different chem-
ical potentials µL and µR, respectively. For the configuration shown in Fig. 2(b), µL =
Ef + eV (e is the charge of an electron) and µR = Ef . In such a scenario, the electron
distributions in the left and the right electrodes are given by the Fermi-Dirac distributions
fL(E) and fR(E),

fL/R =
[
1 + exp

(
E − µL/R

kBTL/R

)]−1

(1)

where E is any given energy, kB is the Boltzmann constant, and TL and TR are the temper-
atures of the left and right electrodes, respectively. The distributions fL(E) and fR(E) in
the two electrodes are usually different due to differences in temperature or voltage. At any

FIG. 1: (a) Single-molecule junction under an applied voltage bias. (b) A single-molecule
junction with a temperature differential applied across it resulting in a voltage differential.
(c) The heat current in a molecular junction due to an applied temperature differential.
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FIG. 2: (a) A molecular junction at zero bias is shown along with the electronic structure
of the junction. (b) A junction under a voltage bias (V ). An electrical current flows from
the left to the right electrodes through the molecular junction.

given energy E, if the local density of states in the molecule is D(E), then the left electrode
tries to maintain on the average 2D(E)fL(E) electrons, whereas the right electrode tries
to maintain on the average 2D(E)fR(E) electrons, the factor of two arising from electron
spin degeneracy. This difference in agenda between the left and right electrodes leads to a
flow of electrons in the metal-molecule-metal junction.

2.1 Electrical Conductance of Molecular Junctions

In general the electric current (I) from the left to the right electrode [Figs. 1(a) and 2(b)],
through a molecular junction, can be described in the Landauer formalism17 by the follow-
ing expression:

I =
2e

h

∞∫

−∞
τ(E) (fL − fR) dE (2)

Here, τ(E) is the energy-dependent transmission function, which assumes values between
zero and one, h is the Planck constant, and e is the charge of an electron. In general, τ(E)
is dependent on several other variables such as the applied bias,21 magnetization of the
electrodes,22,23 and electric fields that may be present due to a gate electrode.17,24 Further-
more, the transmission function is also sensitive to the details of molecular structure,25,26

chemical composition of the electrodes,27 and the contact chemistry.28 To simplify nota-
tion, such dependencies are not explicitly shown in Eq. (2).

When the applied bias voltage is small, Eq. (2) can be approximated17 to obtain
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I ∼ 2e2

h
τ (E = Ef ) V (3)

where τ(E = Ef ) is the transmission function at the chemical potential. This equation
suggests that the electrical conductance (Ge) of a molecular junction is (2e2/h)× τ(E =
Ef ). It can be seen that the key to achieving a large electrical conductance is to have a
large transmission function at the chemical potential.

2.2 Thermoelectric Properties of Molecular Junctions

The Seebeck coefficient of a molecular junction is defined as the ratio of the open-circuit
voltage across a junction (∆V = VL – VR, where VL and VR are the voltages of the left
and right electrodes, respectively) to the temperature differential (∆T = TL – TR) applied
across the junction,

Sjunction =
−∆V

∆T
(4)

The Seebeck coefficient of the junction can also be related to the transmission function by
the following expression:29,30

Sjunction = − π2k2
BT

3 |e|
∂ ln [τ(E)]

∂E

∣∣∣∣
E=Ef

(5)

This suggests that a large Seebeck coefficient is achieved if the derivative of the transmis-
sion function at the chemical potential is large. We note that the expression given in Eq. (5)
is obtained from Eq. (2) by assuming that the applied temperature differential is very small
(∆T → 0). For large applied temperature differentials, the resultant thermoelectric voltage
can be obtained directly using Eq. (2). Although the Landauer approach described above is
convenient and provides computational simplicity, it has some inadequacies resulting from
its inability to account for electron-electron interactions in more detail than that possible
under a mean-field approximation. These are described in detail in a recent review by Dubi
and Di Ventra.3

2.3 Thermal Transport in Molecular Junctions

Thermal energy can be transported across molecular junctions both by electrons and pho-
nons and can be described in the Landauer formalism. The heat current due to electrons
(Jelectrons), for a small temperature bias (∆T → 0), can be represented by31,32

Jelectrons =
2
h

∞∫

−∞
(E − Ef ) τ (E) (fL − fR) dE (6)

Here, fL and fR again represent the Fermi-Dirac distributions of the left and right elec-
trodes, respectively. The heat current due to phonons (Jphonons) can be represented using
the following expression in the Landauer formalism:33
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Jphonons =

∞∫

0

(hυ)τ(υ) (gL − gR) dυ (7)

where τ(υ) is the frequency-dependent transmission function for phonons and can be ob-
tained using atomistic Green’s function techniques,33 υ is the frequency of the phonon,
and gL and gR are the Bose-Einstein distributions of the left and the right electrodes, re-
spectively, and are given by

gL/R =
[
exp

(
hυ

kBTL/R

)
− 1

]−1

(8)

where h is the Planck’s constant, and TL and TR represent the temperatures of the left and
right electrodes, respectively.

The above discussion provides a simple framework to describe thermoelectric and ther-
mal transport phenomena in molecular junctions. However, obtaining the energy-dependent
transmission function of electrons, and the frequency-dependent transmission function of
phonons, is computationally challenging and is usually performed under several approxi-
mations.17 In the next section, we will describe some recent computational results that
illustrate the promise of molecular junctions for energy conversion applications.

3. COMPUTATIONAL STUDIES OF THERMOELECTRIC AND
THERMAL TRANSPORT PROPERTIES OF MOLECULAR
JUNCTIONS

It is well known that for achieving efficient thermoelectric energy conversion, it is neces-
sary to simultaneously achieve a large electrical conductance and Seebeck coefficient.18

The efficiency of thermoelectric materials in converting heat into electrical energy is char-
acterized by the figure of merit (ZT ),

ZT =
S2σT

k
(9)

where S is the Seebeck coefficient of the material, σ is the electrical conductivity, and k is
the thermal conductivity, which includes contributions to heat transport by both electrons
and phonons.

An equivalent figure of merit can be defined for molecular junctions as:

ZT =
S2GeT

Gth
(10)

where Ge represents the electrical conductance, and Gth represents the thermal conduc-
tance of the molecular junctions. It is clear from the discussion in Section 2 that a large
figure of merit can be obtained by appropriately tuning the magnitude and the slope of the
transmission function at the chemical potential.
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3.1 Computational Study of Thermoelectric Effects in Molecular Junctions

Recently, various groups have computationally probed12,14,15,34−36 the thermoelectric
properties of molecular junctions and have described various tailored molecular systems
where large values of the figure of merit can be potentially achieved. Here, we briefly sum-
marize some of these results. Finch et al.14 recently probed the thermoelectric properties of
a CSW-470-bipyridine molecule [Fig. 3(a)] sandwiched between gold electrodes. By using
density functional theory and a nonequilibrium Green’s function (NEGF) formalism, they
showed that the transmission function of the molecular junction could be tuned to have a
large peak at the chemical potential by controlling the rotation of the side group about the
C-C bond [see Fig. 3(a)]. Such a peak [Fig. 3(b)] in the transmission function is predicted
due to Fano resonances37 that arise from the presence of degenerate energy levels in the
molecular backbone and the side groups. The results from this work show that by control-
ling the orientation of the side group, with respect to the backbone of the molecule, it is
indeed possible to achieve extremely large values of the figure of merit [>10, see Fig. 3(c)].
We note that, in this study, the contribution of phonons to thermal transport was neglected,
resulting in an overestimation of the figure of merit. However, because the thermal conduc-
tance of molecular junctions is expected to be small (∼10–100 pW/K, discussed in detail
later), the results obtained in this work are not expected to change significantly even if the
phononic contribution is included.

In addition to this work, Bergfield et al.12 computationally studied thermoelectric ef-
fects in polyphenyl ether–based molecular junctions. Their studies suggested that the

FIG. 3: (a) A molecule with a side group that can rotate about the C-C bond connecting it to
the backbone. (b) The transmission function as the side group is rotated. (c) The predicted
values of the figure of merit (ZT ) for various orientations of the side group at different
temperatures. Panels reproduced with permission from Ref. 14. Copyright 2009 by the
American Physical Society.
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molecular junctions created by trapping polyphenyl ether molecules between gold elec-
trodes demonstrate a sharp peak in the transmission function arising from quantum inter-
ference effects. Their results also suggest that large values of the figure of merit (ZT > 4)
can be accomplished in molecular systems.

In this context, it is important to note a theoretical prediction made by Mahan and
Sofo38 that suggests that a bulk material with a Dirac delta–shaped density of states very
near to the chemical potential would result in an extremely large ZT , which according to
them would represent the best thermoelectric material conceivable. However, subsequent
studies39 established the fact that while a Dirac delta–shaped density of states enables
reversible operation of a thermoelectric device, the power output would be zero. Similar
arguments also apply to molecular devices, where it has been shown that a Dirac delta-
shaped transmission function would enable the creation of a thermoelectric device operat-
ing at Carnot efficiency.40−42 However, the power output of such a junction would be zero.
This suggests that for operation at large powers, a sharp peak in the transmission function
is not desirable. In fact, it is necessary to engineer the transmission function appropriately
so as to maximize the power output. Recent work by Nakpathomkun et al.43 and Karlstrom
et al.15 has elucidated this fact and is described next.

If the goal is to achieve maximum power output, the relevant limit is the Curzon-
Ahlborn limit,44 which suggests that the maximum efficiency (ηCA) of a heat engine op-
erating under conditions such that the power output is maximized is given by

ηCA =
ηC

2
+

η2
C

8
+ O

(
η3

C

)
+ · · · (11)

where ηC is the Carnot efficiency. In this context, Nakpathokun et al.43 recently considered
a molecular junction/quantum dot system where the transmission function is well approx-
imated by a Lorentzian,

τ (E) =
(Γ/2)2

(E − Eo)
2 + (Γ/2)2

(12)

where Γ is the full width at half maximum of the transmission function and Eo is the
energy about which the Lorentzian is centered. From their analysis, they showed that the
power output becomes zero when the Lorentzian is very sharp (i.e., when Γ → 0). Further-
more, they showed that the power output is maximized by appropriately choosing both Γ
and the energetic separation between Eo and Ef (the chemical potential). In spite of such
optimization, it was shown that transmission functions shaped as a Lorentzian cannot be
used to achieve operation at the Curzon-Ahlborn limit. This is because a Lorentzian trans-
mission functions does not effectively filter the flow of electrons due to the presence of a
long low-energy tail that leads to an undesirable electric current in a direction opposite to
that of thermoelectric currents (see Ref. 43 for more details).

In order to overcome this challenge, Karlstrom et al.15 have suggested an ingenious
approach that takes advantage of quantum interference in a two-level system where both
the energy levels are located on the same side of the chemical potential [Fig. 4(a) shows
two energy levels above Ef ] and are coupled to the electrodes with different parities. For
such a system, they show that if the coupling strengths of the two energy levels to the
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FIG. 4: (a) A two-level system with both energy levels above the chemical potential. (b)
The transmission function obtained for appropriately chosen values of E1 = 5.8kBT and
E2 = 1.47kBT (T = 300 K). (c) The efficiency of the device at maximum power output as
a function of the coupling strength. (d,e) The wave functions of a zinc porphine molecular
junction that could potentially be employed to obtain operation at high power outputs.
Panels reproduced with permission from Ref. 15. Copyright 2011 by the American Physical
Society.

electrodes differ by a factor of a2, the transmission function takes the following functional
form:

τ (E) = Γ2

∣∣∣∣
1

(E − Ef ) + E1 + iΓ
− a2

(E − Ef ) + E2 + ia2Γ

∣∣∣∣
2

(13)

From this expression, it is clear that if E2 ≈ a2E1, then the value of the transmission
function is zero at Ef and is large for a finite range of energies above Ef [Fig. 4(b)].
Since this transmission function shows a sharp gradient at the chemical potential but has a
finite width, it enables operation at large power outputs. In fact, detailed calculations given
in Ref. 15 suggest that efficiencies can reach a value very close to the Curzon-Ahlborn
limit [Fig. 4(c)]. In addition to proposing this model system, Karlstrom et al.15 have also
suggested the possibility of realizing such a two-level system via a zinc porphine system
[Fig. 4(d)] that is in contact with gold electrodes.

The brief description of computational studies provided above represents a small sam-
ple of examples that highlight the interesting phenomena arising in molecular junctions.
These studies clearly demonstrate that molecular junctions provide an ideal platform for
the construction of nanoscale energy-conversion engines that approach the Carnot limit
or the Curzon-Ahlborn limit. Experimental probing/demonstration of such engines would
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provide deep insights into the nature of nonequilibrium processes and energy conversion
at the nanoscale.

3.2 Computational Study of Thermal Transport in Molecular Junctions

The study of heat transport in molecules/molecular junctions has its origins in the pioneer-
ing work of Fermi, Pasta, and Ulam (FPU)45 over half a century ago. By showing that a
simple anharmonic 1D chain of particles can be nonergodic, the FPU study implied the
possibility of infinite thermal conductivity and has been extensively explored ever since.
Here, we briefly summarize some important results. A detailed review on low-dimensional
anomalous heat conduction is given by Lepri et al.46

Casher and Lebowitz47 used a nonequilibrium statistical mechanics approach to show
that the thermal conductance of a harmonic chain of particles with different masses is
independent of the length, pointing explicitly to a divergent thermal conductivity. More
recently, Lepri et al.48,49 proposed via numerical simulations that the thermal conductivity
of nonlinear 1D lattices could diverge as Nβ, where N is the number of lattice points
(N À 1) and the exponent β is ∼0.4 for 1D lattices.

In addition to research on model systems, realistic systems such as molecules have also
been studied. For example, Segal et al.50 used a generalized Langevin equation approach to
study the length dependence of thermal conductance in alkane molecular junctions. Their
studies indicate an increase in the thermal conductance with increasing chain length for
chains containing less than five carbon atoms [Fig. 5(a)]. However, for molecules with
more than 10 carbon atoms, the calculated thermal conductance remains essentially con-
stant as the length goes up to 20 carbon atoms. Further, these trends were found to hold for
a range of temperatures, i.e., 50, 300, and 1000 K, the specific values of the conductance
being tens of picowatts per Kelvin (pW/K). These results were also found to be relatively
invariant even when the effect of electron-phonon coupling was considered.51

FIG. 5: (a) The computed thermal conductance for alkane chains of different lengths at
different temperatures. (b) The computed thermal conductance and the corresponding ther-
mal conductivity for single-polyethylene chains of varying lengths. Panels reproduced with
permission from: (a), Ref. 50, Copyright 2003 by the American Institute of Physics; (b),
Ref. 52, Copyright 2008 by the American Physical Society.



MEASUREMENT OF THERMOELECTRIC AND THERMAL TRANSPORT PROPERTIES 269

In addition to studies on alkane molecular junctions, Henry and Chen performed equi-
librium molecular dynamics simulations combined with Green-Kubo analysis to estimate
the thermal conductivity of a single-polyethylene chain [Fig. 5(b)]. Their results suggest
that the thermal conductivity of a single chain could be three orders of magnitude larger
than that of a typical bulk polymeric material, and even divergent in some cases.52 This be-
havior was explained by invoking the phonon-phonon correlations existing in 1D lattices,
which suppress the allowable scattering events in comparison to a 3D bulk material.53,54

Their results were partially verified by performing measurements on aligned polyethelyne
fibers with diameters in the range of 50–500 nm.55

Sasikumar and Keblinski56 studied heat transfer across molecular junctions formed
by alkane chains covalently bonded to crystalline silicon. Their studies used nonequilib-
rium molecular dynamics and showed that straight chains that have all their constituents
in a trans conformation have the highest thermal conductance. Further, they showed that
as the number of gauche conformations (kinks) increases, the chain thermal conductance
reduces, indicating that gauche conformations act as strong phonon scattering centers. The
typical values of chain thermal conductance are tens of pW/K, in agreement with for-
mer results.50 Their study also probed the differences in thermal conductance between a
straight chain junction and a junction in a kinked configuration and found that junctions
with straight chains have a significantly larger thermal conductance than junctions with
kinked chains.

Another area of active study concerns heat generation and thermoelectric effects in
molecular electronic devices. Understanding and controlling heat generation and flow in
molecular junctions is of vital importance because local heating may cause structural in-
stabilities undermining the junction integrity. One of the first studies of heating in current-
carrying molecular junctions was by Segal et al.57 where they found that classical heat
conduction theories would underestimate the local temperature raise in junctions. Later,
Galperin et al.51,58 proposed a unified description of heat generation and transport in junc-
tions using a nonequilibrium Green’s function formalism, allowing for a comprehensive
and consistent investigation of the effects of different parameters. Their studies confirm
that the temperature within a junction could exceed 1000 K even under small bias voltages
(∼0.5 V).

Recently, Ward et al.59 have developed a surface-enhanced Raman spectroscopy–based
experimental technique for probing the effective temperatures of the vibrational modes
that are excited in molecular junctions during electron flow. Using this technique, they
probed the effective vibrational temperature, under an applied bias, for an aromatic and
aliphatic molecule–based junction at a temperature of 80 K. Their results indeed suggest
that the nonequilibrium temperature of vibrational modes could be substantially higher
(∼600 K) than the ambient temperature. In addition to these measurements, they have
also probed the effective temperature of the electrons, details of which can be found in
Ref. 59. Finally, the possibility of current-induced cooling was also discussed recently.60
One proposed mechanism is the cooling of electrodes due to depletion of high-energy
electrons, which subsequently leads to the cooling of molecules strongly coupled with the
electrode. We note that experimental evidence of current-induced cooling has also been
reported.61−63
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In addition to this, computational studies have also studied possible strategies to con-
trol the flow of heat. For example, Segal et al.64,65 suggested that heat conduction through
a molecular chain bridging two thermal reservoirs at different temperatures can be asym-
metric for forward and reversed temperature biases when two conditions are simultane-
ously satisfied: the interactions dominating heat conduction should be nonlinear, and the
molecular junction should be asymmetric. It was reported that rectification in such sys-
tems could be as high as 50% in some cases. Further, studies by Segal et al.64 showed that
negative differential thermal conductance (NDTC) is possible in molecular junctions and
has a similar origin as heat rectification, the difference being that NDTC requires a strong
molecule-reservoir coupling while asymmetry in junction structure may not be necessary.

4. EXPERIMENTAL TECHNIQUES FOR PROBING THE
THERMOELECTRIC PROPERTIES OF MOLECULAR JUNCTIONS

A range of experimental techniques25,26,62,66−68 have been developed recently to study the
charge transport properties of single- and multiple-molecule junctions. Some of the widely
used techniques include the electromigrated break junction (EBJ) technique,68 the mechan-
ically controllable break junction (MCBJ) technique,62 the scanning tunneling microscope
break junction (STM-BJ) technique,25,26,66,67 and the contact probe–atomic force micro-
scope (CP-AFM) technique.69−71 These techniques often complement each other and are
uniquely suited for specific studies. Among all these techniques, the STM-BJ technique
(invented by Xu and Tao26) provides one of the most convenient approaches for perform-
ing a large number (>1000) of two-terminal single-molecule transport measurements in a
short time (<1 h), enabling a statistical interpretation of results. Further, with some modi-
fication, the STM-BJ technique also enables thermoelectric studies72−76 of a large number
of single-molecule junctions in a short time. Therefore, we will focus on describing this
technique in detail. In addition to the STM-BJ technique, the CP-AFM technique can also
be used for probing the thermoelectric properties of molecular junctions24,77 and will be
described in detail.

4.1 Formation of Metal-Molecule-Metal Junctions

The first step in both the STM-BJ and the CP-AFM techniques is to form a monolayer
of chemically bound molecules on a metallic surface (Fig. 6). This step is accomplished
by exposing a suitable metal surface to a solution containing organic molecules termi-
nated with reactive chemical groups, such as thiols (–SH) or amines (–NH2). On con-
tact with the metal surface, these reactive groups chemically bind to the metal surface
through the formation of a thiol-metal or an amine-metal bond.78 For example, when a
gold surface is exposed to a liquid or a gas containing thiol-terminated organic molecules
(at room temperature), the molecules bind strongly with the gold through a thiol-gold
bond [Fig. 6(a)]. If the environment contains a sufficiently large concentration of organic
molecules, the gold surface is completely covered in a short time (minutes). Given suf-
ficient time (hours), the organic molecules (with some exceptions) spontaneously self-
assemble into an ordered lattice [Fig. 6(b)].78 Molecules bound to a substrate in such a
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FIG. 6: (a) Thiol-terminated organic molecules chemically bind to the metal (gold) surface.
(b) A monolayer of organic molecules self-assembled on a gold surface.

manner can readily be used to form single-molecule junctions by employing the STM-BJ
technique or multiple-molecule junctions by using the CP-AFM technique.

4.2 Scanning Tunneling Microscope Break Junction (STM-BJ) Technique
The first step in creating single-molecule junctions using the STM-BJ technique26,66 is
to coat a metallic (e.g., gold) surface with linear organic molecules terminated on both
ends with metal binding groups (–SH, –NH2). This molecule-coated surface is placed
in the proximity of a sharp STM tip [Fig. 7(a)] and the STM tip (e.g., made of gold) is
slowly driven at ∼5 nm/s toward the metal substrate. During this process, a voltage bias
is applied between the STM tip and the substrate and the current through the STM tip
is constantly monitored. When the current reaches a large predetermine value (determined
heuristically66) it indicates the formation of a large number of metal (substrate)–molecule–
metal (tip) bridges due to the chemical interaction between the end groups of the molecules
and the tip. When the STM tip is withdrawn slowly (∼1–5 nm/s) from the substrate, the
molecules trapped between the gold electrodes start breaking away one at a time until a
single molecule is trapped between the electrodes [Fig. 7(b) illustrates this process]. Fig-
ure 7(c) shows the conductance (G) of the junction during this process of withdrawal. It
can be seen that the conductance decreases in quantal steps, indicating that the molecules
are breaking off one at a time. Each step corresponds to the breaking off of one or more
molecules. Ultimately, the last molecule trapped in the junctions also breaks away, result-
ing in a current below the detection limit.26,66 The withdrawal process can be stopped
when the last molecule is trapped, thus forming a metal–single molecule–metal junction.
The amount of time that the single molecule can be trapped depends on the stability of
the STM tip and is influenced by vibrations and thermal drift. Recent work by Lee et al.71

suggests that single-molecule junctions can be stably maintained for more than a minute at
room temperature by using a custom-designed scanning tunneling microscope (Fig. 8) that
minimizes thermal drift as well as the effect of environmental perturbations.

4.3 Measurement of the Electrical Conductance of Single-Molecule Junctions
When a voltage bias is applied across a molecular junction, an electric current flows
through the molecules trapped in the junction because this provides the path of least
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FIG. 7: (a) STM tip in proximity to molecule coated substrate. (b) The process of forming
a single-molecule junction. (c) The conductance of a molecular junction as the STM tip is
withdrawn at∼5 nm/s (Go = 2e2/h is the quantum of charge conductance,∼1/12.9 kΩ). (d)
A current-voltage characteristic of a molecular junction. Panels reproduced with permission
from Ref. 71. Copyright 2011 by the Institute of Physics.

resistance to electrons. The electrical conductance and charge transport properties of molec-
ular junctions have been measured by several groups25,26,66 to elucidate the relationship
between molecular structure of junctions and their electrical transport properties. In order
to illustrate the use of the STM-BJ technique to study electrical conductance, we describe
an experimental study where the electrical conductance of a series of molecules [Fig. 9(a),
hexanedithiol (HDT), octanedithiol (ODT) and decanedithiol (DDT)] was measured by
Lee et al.71 following a procedure originally developed in the pioneering work of Xu and
Tao.26

In order to obtain a statistically meaningful measure of the electrical conductance,
∼1000 experiments were performed for each type of molecule to obtain conductance traces
as described above. The obtained conductance traces [Fig. 9(b) shows seven representative
traces of Au-ODT-Au junctions] were analyzed by building a histogram.26 The conduc-
tance histogram obtained from ∼1000 junctions formed using ODT molecules, without
any data selection, is shown in Fig. 9(c). The most probable value of the conductance of
an Au-ODT-Au junction is obtained from a Gaussian fit to the histogram and corresponds
to a value of ∼2.16 × 10−5 G0, where G0 = 2e2/h is the quantum of electrical conduc-
tance (e is the charge of an electron and h is the Planck constant). Further, the full width at
half maximum (FWHM) of the histogram is found to be ∼6.6 × 10−5 G0 and represents
the uncertainty in the measured conductance. Similar experiments performed with HDT
and DDT molecules suggest that the conductance of the Au-HDT-Au junctions is ∼2.7 ×
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FIG. 8: STM scanner assembly and radiation shield. (a) Schematic of the sample plate.
(b) Schematic of the Besocke scanner featuring four piezoelectric tubes. (c) The assembly
of the sample plate and the STM scanner. (d) The copper enclosure (radiation shield) that
houses the scanner. Panels reproduced with permission from Ref. 71. Copyright 2011 by
the Institute of Physics.

10−4 G0 and that of Au-DDT-Au junctions is ∼5.2 × 10−6 G0. The measured electrical
resistance of the molecular junctions is shown in Fig. 8(d) and is found to increase expo-
nentially with increasing length. Such a rapid decrease in the electrical conductance occurs
due to the exponential decrease in the probability of transmission with an increasing chain
length and is well explained by a simple tunneling barrier model.79 We note that several
groups have confirmed that the features in the conductance traces do not arise when control
experiments are performed on a clean Au surface. Histograms obtained in one such control
experiment are shown in Fig. 9(c) and do not feature a peak.

4.4 Measurement of Current-Voltage (I − V ) Characteristics of
Single-Molecule Junctions

In addition to measuring the electrical conductance of molecular junctions, it is also pos-
sible to measure their current-voltage (I − V ) characteristics, which are essential for per-
forming additional spectroscopic studies.71 In order to obtain the I − V characteristics
of single-molecule junctions, the withdrawal process (described earlier) is stopped when
the conductance equals that of a single-molecule junction. Subsequently, the voltage bias
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FIG. 9: (a) The series of molecules that were used in the electrical resistance studies (b)
Representative conductance traces obtained in individual measurements. (c) Histograms
constructed from 1000 individual measurements without any data selection. (d) The mea-
sured resistance of molecular junctions is found to increase exponentially with length. Pan-
els reproduced with permission from Ref. 71. Copyright 2011 by the Institute of Physics.

is varied linearly while monitoring the electric current flowing through the junction. Fig-
ure 7(c) shows a conductance trace reflecting the procedure described above. The region
highlighted in green [Fig. 7(c)] represents the location where the voltage sweep is per-
formed. The I − V characteristic obtained in one such experiment is shown in Fig. 7(d).

4.5 Measurement of the Seebeck Coefficient (Thermopower) of a
Single-Molecule Junction

A technique to study thermoelectric effects in molecular junctions has been recently devel-
oped by Reddy and coworkers.75 This is based on a modification of the STM-BJ technique.
The key to making this measurement is the setting up of a temperature differential, ∆T ,
across the molecular junction. In Fig. 10(a), a single-molecule junction formed by using
the STM-BJ technique is depicted. The key difference is that the metal-coated substrate
is heated, while the gold STM tip is kept at room temperature by putting it in contact
with a large thermal reservoir at room temperature. This creates a tip-substrate tempera-
ture differential, ∆T . This is possible because the molecular junction thermal conductance
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FIG. 10: (a) A single-molecule junction formed by using the STM-BJ technique; the bot-
tom electrode is heated, while the top electrode is thermally anchored to a cold reservoir.
(b) The results obtained in a series of thermoelectric voltage measurements using a Ben-
zenedithiol (BDT) molecule trapped between gold electrodes are shown for various tem-
perature differentials ranging from 0 K to 30 K. Panels reproduced with permission from
Ref. 75. Copyright 2007 by the American Association for the Advancement of Science.

is sufficiently smaller than the thermal conductance between the gold STM tip and the
thermal reservoir with which it is in contact.75,80 Therefore, the gold tip will be at the
reservoir temperature and the heat flow from the hot substrate to the tip does not cause the
tip temperature to increase. The experimental procedure to measure the Seebeck coefficient
involves the trapping of multiple molecules between the electrodes following the procedure
described above in the STM-BJ technique. After this is achieved, the voltage bias and the
current amplifier that are used to monitor the current are disconnected and a high–input
impedance custom-built voltage amplifier is connected [see Fig. 10(a)] to measure the tip-
substrate Seebeck voltage induced by ∆T . The tip is then slowly withdrawn until all the
molecules trapped in the junction break off. During this process, the output voltage ∆V
is continuously monitored with the tip grounded; when the last molecule breaks off the
Seebeck voltage differential vanishes.75 The results obtained in a series of such measure-
ments using a benzenedithiol (BDT) molecule trapped between gold electrodes are shown
in Fig. 10(b) for various temperature differentials ranging from 0 to 30 K. This output volt-
age ∆V , due to the temperature differential ∆T , is a measure of the Seebeck coefficient,
which is obtained from the equation Sjunction = −∆V /∆T 75 to be +8.7 ± 2.1 µV/K. We
note that a variation of the Seebeck coefficient measurement technique described above
has also been developed recently by Widawsky et al.76 where the thermoelectric properties
were probed by measuring the electrical currents resulting from thermoelectric voltages.

4.6 Contact Probe–Atomic Force Microscope Technique (CP-AFM)

In the CP-AFM technique, the top surface of an ordered monolayer of molecules is put in
mechanical contact with a metal-coated AFM tip, as shown in Fig. 11(a). This leads to the
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FIG. 11: (a) The formation of a multiple-molecule junction using the CP-AFM technique;
a metal-coated AFM tip is placed in soft mechanical contact with a metal electrode coated
with a monolayer of molecules. (b) The measured current-voltage (I − V ) characteris-
tics of a Au-TPT-Au molecular junction. Panels reproduced with permission from Ref. 77.
Copyright 2008 by the American Institute of Physics.

formation of a junction where ∼10–100 molecules are trapped between the metal-coated
AFM tip and the flat metallic substrate; the number is determined by the radius of the tip.70

The metal coating on the tip can be chosen to be different from the metallic substrate. If the
terminal groups of the organic molecules contacting the metal-coated AFM tip are selected
accordingly, they form specific chemical bonds with the AFM tip as opposed to just having
a mechanical contact.69 In this way, it is possible to study the effect of chemical bonding
on transport through the junction.

4.7 Measurement of the Electrical Conductance and Current-Voltage (I − V )
Characteristics of Molecular Junctions

When a voltage bias is applied across a molecular junction formed using the CP-AFM
technique, a current flows through the junction as shown in Fig. 11(a). The voltage ap-
plied across the junction can be varied to obtain the current-voltage (I − V ) characteris-
tics of the molecular junction. A typical I − V characteristic obtained by trapping a 1,1′,
4′,1′′-terphenyl-4-thiol (TPT) molecule [Fig. 11(b)] between gold electrodes is shown in
Fig. 11(b). Given the wide variety of molecules that can be self-assembled on surfaces, the
CP-AFM technique has been extensively used to understand the effect of (i) the length of
the molecules and (ii) terminal groups of the molecules on the electrical conductance of
molecular junctions.69,70,81

4.8 Measurement of the Seebeck Coefficient (Thermopower) of Molecular
Junctions Using the CP-AFM Technique

In order to measure the Seebeck coefficient of molecular junctions ,Tan et al.24,77 made two
additions to the CP-AFM technique [Fig. 12(a)]. These include (i) an electrical heater that
is attached to the substrate on which the molecules are self assembled, making it possible
to heat the substrate to an elevated temperature T + ∆T [Fig. 12(a)] and (ii) a short (∼125
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FIG. 12: (a) The thermoelectric voltage measurement setup using an atomic force micro-
scope (AFM). The bottom substrate is heated, whereas the gold-coated silicon AFM probe
is held at room temperature by thermally anchoring it to a reservoir. (b) The measured
thermoelectric voltage of a Au-TPT-Au junction as a function of the applied temperature
differential. Panels reproduced with permission from Ref. 77. Copyright 2008 by the Amer-
ican Institute of Physics.

µm long, 35 µm wide, and 1 µm thick) silicon cantilever coated with gold, instead of a
silicon nitride cantilever traditionally employed in CP-AFM, is chosen and anchored to
a thermal reservoir at a temperature T . Given the large thermal conductivity of silicon82
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(∼150 W/m K) and the relatively poor thermal conductivity of the surrounding air (∼0.024
W/m k), thermal modeling21 suggests that the temperature of the metal-coated cantilever
tip, which is in contact with molecules, must be between T and T + 0.05∆T . This implies
that at least 95% of the temperature differential (∆T ) occurs across the molecules trapped
between the metal electrodes.

The thermoelectric voltage of the junction was measured by connecting a custom-built
high–input impedance voltage amplifier between the gold-coated AFM cantilever and the
gold-coated substrate. The measured thermoelectric voltages (∆V ) for junctions created
by trapping TPT molecules between gold electrodes are shown in Fig. 12(b). The mag-
nitude of the measured thermoelectric voltage was found to increase linearly when the
temperature differential (∆T ) applied across the molecular junction was increased from 0
to 12 K in steps of 3 K. These experiments suggest that the Seebeck coefficient of a Au-
TPT-Au junction is +16.9 ± 1.4 µV/K. Control experiments were also performed where
the thermopower of a Au-Au junction with a resistance of ∼98 Ω was measured. The
thermoelectric voltage measured in these control experiments was found to depend on the
resistance of the junction83 and varied between 0.1 µV/K for low contact resistances (mΩ)
and a maximum of ∼1.3 µV/K at ∼100 Ω. These values were much smaller than the ther-
moelectric voltage measured for Au-TPT-Au junctions [Fig. 12(b)], clearly demonstrating
that the thermoelectric voltage arises due to the molecules in the molecular junctions.

4.9 Insights Obtained from the Measurement of the Seebeck Coefficient of
Molecular Junctions

In addition to enabling the study of nanoscale energy conversion, thermoelectric mea-
surements provide additional insights into the electronic structure of molecular junctions
that cannot be obtained by electrical transport measurements alone. Specifically, conduc-
tance measurements alone cannot uniquely identify30,75 whether the HOMO orbital or the
LUMO orbital lies closer to the chemical potential. However, thermoelectric measurements
can answer this question. If the transmission function of a molecular junction is relatively
smooth and well approximated by a sum of Lorentzian-shaped functions, then it can be
deduced from Eq. (5) that a positive thermopower is associated with a junction where the
HOMO is closer to the chemical potential, indicating hole-dominated (p-type) transport. In
the other scenario, transport is LUMO dominated (n-type) and is related to a negative ther-
mopower. The two scenarios that thermoelectric measurements can be used to distinguish
are shown in Fig. 13. In the case of the experiments described above, a positive Seebeck
coefficient was observed for both Au-BDT-Au and Au-TPT-Au junctions, suggesting that
transport in both these junctions is dominated by the HOMO level.

5. EXPERIMENTAL TECHNIQUES FOR PROBING THE THERMAL
TRANSPORT PROPERTIES OF SINGLE-MOLECULE JUNCTIONS
AND SINGLE-POLYMER CHAINS

The study of thermal transport properties of single-molecule junctions is very challenging
because the expected heat currents are very small, i.e., ∼10 pW–100 pW, for an applied
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FIG. 13: The two scenarios that thermoelectric measurements can distinguish. (a) A sce-
nario where the chemical potential is closer to the HOMO orbital and results in the colder
electrode being at a higher potential in comparison to the hotter electrode. (b) The chemi-
cal potential is closer to the LUMO orbital, which results in the hotter electrode being at a
higher potential.

temperature bias of 1 K. Therefore, none of the single-molecule measurement techniques
that are currently available have the desired resolution to perform these studies. In this
section, we will first describe pioneering experiments that have been conducted recently
to probe thermal transport in monolayers of molecules and polymer fibers with nanoscale
diameters. Subsequently, we will briefly outline possible approaches for measuring the
thermal transport properties of single-molecule junctions and single-polymer chains.

5.1 Thermal Transport in Monolayers of Molecules

Heat transport through molecular layers sandwiched between a liquid and a metal have
been recently studied by Wilson et al.84 and Ge et al.85,86 In these measurements, heat
transfer in molecular layers between a metal and a liquid were studied using time-resolved
optical absorption and time-domain thermoreflectance techniques. These experiments pro-
vided important insights into the effect of the solvent properties and the hydrophobic-
ity/hydrophilicity of the molecular end groups on the interfacial thermal conductance.

Wang et al.87 studied thermal transport in self-assembled monolayers of long-chain
alkane molecules on a gold surface using a femtosecond laser. In this experiment, heat
transfer through the molecular layer was studied by first exciting the metal underneath the
monolayer and probing the resulting thermal signature on the top of the monolayer us-
ing a time-resolved sum-frequency generation (SFG) spectroscopic technique. This work
demonstrated that the primary thermal resistance to heat transfer was at the metal-molecule
interface and the heat transfer through the molecules was ballistic. Further, it was estimated
that the thermal conductance associated with a single alkane molecule–metal (gold) inter-
face was ∼50 pW/K.

Wang et al.88 recently studied heat transport through gallium arsenide (GaAs) mono-
layer–metal junctions. These junctions were made using a nanotransfer printing technique
where a gold electrode that is initially deposited on a silicon stamp is transfer printed onto
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an undoped GaAs substrate with a self-assembled monolayer (SAM) of organic molecules
on its surface. The gold (Au) layer sticks to the molecular monolayer because the molec-
ular layer on undoped GaAs is terminated with reactive end groups that chemically bind
to gold. The heat transport through three different kinds of GaAs molecule–Au junctions
was measured in this study where the length of the molecules was systematically increased
from eight to ten carbon atoms. These measurements suggested that the thermal conduc-
tance of these molecular monolayers was relatively independent of the length of molecular
chains, suggesting that the primary source of thermal resistance is at the solid-molecule
interface.

In addition to these studies, Losego et al.89 recently studied thermal transport in mono-
layers of organic molecules sandwiched between a quartz (Qz) substrate and a Au thin
film. Broadly, organic molecules were chosen such that one end group was always a silane
whereas the other end group was chosen to be either bromine (–Br), methyl (–CH3), amine
(–NH2), or thiol (–SH). These molecules were first self-assembled onto a Qz substrate by
taking advantage of silane chemistry. Subsequently, a Au thin film was transfer printed
onto the monolayer. In such samples, the binding strength between Au surfaces and the
end groups (–Br/–CH3/–NH2/–SH) of the organic monolayer is controlled by the chemical
interaction between the end group and the Au thin film. Measurements of thermal trans-
port at these interfaces, performed using the time-domain thermal reflectance technique
(TDTR), revealed that the interfacial thermal conductance is dependent on the binding
strength and could be tuned between 30 and 70 MW/m2K by appropriately tuning the end-
group chemistry. The authors of this work also performed complementary measurements
to characterize the interfacial bond strength of these samples, details of which can be found
in Ref. 89.

Shen et al.55 have recently probed heat transport in ∼50–500 nm–diameter bundles of
polymers containing thousands of polymer chains that are partially aligned along the back-
bone of the polymer. These studies performed using a novel bimaterial cantilever-based
technique have shown that the thermal conductivity of polymer bundles with microscopic
alignment is much larger (∼100 W/m K) than bulk polymer thermal conductivity (∼0.1 W/
m K).90 This enhancement in thermal conductivity was explained by detailed molecular
dynamics simulations that highlighted the effect of molecular alignment on the scattering
of phonons.

The work described above represents important progress toward measuring heat trans-
port in molecular junctions. However, a lot more needs to be accomplished: an accurate
technique that can reliably measure thermal transport through a variety of single-molecule
junctions and single-polymer chains needs to be established. These technical improve-
ments are crucial to differentiate between a variety of fundamental hypotheses regarding
the atomistic and molecular mechanisms of transport in molecular junctions and address
the specific questions raised by computational studies, as described earlier. Further, single-
molecule techniques will enable the elimination of interaction between molecules that
are inevitable in monolayer/polymer fiber measurements, which complicate the analysis
and interpretation of measurements. Finally, the effect of molecular structure, molecular
conformation, and the chemical composition of electrodes on the thermal conductance of
molecular junctions needs to be elucidated.
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In order to achieve these goals, it is necessary to develop novel experimental techniques
that enable detection of heat currents with picowatt resolution as the computationally pre-
dicted thermal conductance of single-molecule junctions and single-polymer chains is in
the range of 10–100 pW/K. Any such technique should have three important capabili-
ties: (i) trap molecules between electrodes to form a molecular junction, (ii) apply known
temperature differentials of a few Kelvin across electrodes that are separated by about a
nanometer, and (iii) measure the small heat currents resulting from the temperature differ-
ential applied across the electrodes of these junctions. All these capabilities are currently
available on individual platforms. For example, the STM-BJ technique described earlier
is capable of accomplishing the first two goals, and recent developments91 in calorime-
try enable measurement of heat currents with four picowatt resolution. We believe that
an ingenious combination of these techniques should enable probing heat transfer at the
single-molecule level.

6. SUMMARY AND OUTLOOK

Molecular junctions provide an excellent platform for probing a variety of nanoscale en-
ergy conversion and energy transport phenomena. Computational studies have predicted
several interesting thermoelectric and thermal transport phenomena that remain experi-
mentally untested until now. For example, the possibility of realizing reversible thermo-
electric energy conversion in molecular junctions and the development of junctions that
operate close to the Curzon-Ahlborn limit represent two exciting possibilities that have not
received much experimental attention until now. In addition to this, the decades-old predic-
tion of divergent thermal conductivity in low-dimensional systems such as single-polymer
chains has also not been experimentally tested.

The major technical advancements of the past decade in manipulating single molecules
and performing nanoscale thermometry and picowatt-resolution calorimetry provide us
with a unique opportunity to experimentally test these longstanding predictions. We believe
that actively pursuing these challenging experimental studies is critical to the advancement
of nanoscale transport theories and predictive modeling of charge and energy transport at
the nanoscale. This represents an important challenge as well as an immense opportunity
to researchers in the field of nanoscale energy transport.

REFERENCES

1. A. Nitzan and M. A. Ratner, Electron transport in molecular wire junctions, Sci., 300:1384–
1389, 2003.

2. M. Galperin, M. A. Ratner, A. Nitzan, and A. Troisi, Nuclear coupling and polarization in
molecular transport junctions: beyond tunneling to function, Sci., 319:1056–1060, 2008.

3. Y. Dubi and M. Di Ventra, Colloquium: Heat flow and thermoelectricity in atomic and molec-
ular junctions, Rev. Mod. Phys., 83:131–155, 2011.

4. N. P. Guisinger, M. E. Greene, R. Basu, A. S. Baluch, and M. C. Hersam, Room temperature
negative differential resistance through individual organic molecules on silicon surfaces, Nano
Lett., 4:55–59, 2004.



282 ANNUAL REVIEW OF HEAT TRANSFER

5. J. Chen, W. Wang, M. A. Reed, A. M. Rawlett, D. W. Price, and J. M. Tour, Room-temperature
negative differential resistance in nanoscale molecular junctions, Appl. Phys. Lett., 77:1224–
1226, 2000.

6. M. L. Chabinyc, X. X. Chen, R. E. Holmlin, H. Jacobs, H. Skulason, C. D. Frisbie, V. Mujica,
M. A. Ratner, M. A. Rampi, and G. M. Whitesides, Molecular rectification in a metal-insulator-
metal junction based on self-assembled monolayers, J. Am. Chem. Soc., 124:11730–11736,
2002.

7. C. A. Nijhuis, W. F. Reus, and G. M. Whitesides, Molecular rectification in metal-sam-metal
oxide-metal junctions, J. Am. Chem. Soc., 131:17814–17827, 2009.

8. S. K. Yee, J. B. Sun, P. Darancet, T. D. Tilley, A. Majumdar, J. B. Neaton, and R. A. Segalman,
Inverse rectification in donor-acceptor molecular heterojunctions, ACS Nano, 5:9256–9263,
2011.

9. B. Q. Xu, X. L. Li, X. Y. Xiao, H. Sakaguchi, and N. J. Tao, Electromechanical and conductance
switching properties of single oligothiophene molecules, Nano Lett., 5:1491–1495, 2005.

10. E. Lortscher, J. W. Ciszek, J. Tour, and H. Riel, Reversible and controllable switching of a
single-molecule junction, Small, 2:973–977, 2006.

11. H. Song, Y. Kim, Y. H. Jang, H. Jeong, M. A. Reed, and T. Lee, Observation of molecular
orbital gating, Nature, 462:1039–1043, 2009.

12. J. P. Bergfield, M. A. Solis, and C. A. Stafford, Giant thermoelectric effect from transmission
supernodes, ACS Nano, 4:5314–5320, 2010.

13. J. P. Bergfield and C. A. Stafford, Thermoelectric signatures of coherent transport in single-
molecule heterojunctions, Nano Lett., 9:3072–3076, 2009.

14. C. M. Finch, V. M. Garcia-Suarez, and C. J. Lambert, Giant thermopower and figure of merit
in single-molecule devices, Phys. Rev. B, 79:033405–033408, 2009.

15. O. Karlstrom, H. Linke, G. Karlstrom, and A. Wacker, Increasing thermoelectric performance
using coherent transport, Phys. Rev. B, 84:113415–113418, 2011.

16. E. Macia, DNA-based thermoelectric devices: A theoretical prospective, Phys. Rev. B,
75:035130–035139, 2007.

17. S. Datta, Quantum Transport: Atom to Transistor, Cambridge University Press, New York,
2005.

18. G. Chen, Nanoscale Energy Transport and Conversion: A Parallel Treatment of Electrons,
Molecules, Phonons, and Photons, Oxford University Press, New York, 2005.

19. J. A. Malen, S. K. Yee, A. Majumdar, and R. A. Segalman, Fundamentals of energy transport,
energy conversion, and thermal properties in organic-inorganic heterojunctions, Chem. Phys.
Lett., 491:109–122, 2010.

20. M. Di Ventra, Electrical Transport in Nanoscale Systems, Cambridge University Press, New
York, 2008.

21. Y. Q. Xue and M. A. Ratner, Microscopic study of electrical transport through individual
molecules with metallic contacts. I. Band lineup, voltage drop, and high-field transport, Phys.
Rev. B, 68:115406–115423, 2003.

22. E. G. Emberly and G. Kirczenow, Molecular spintronics: Spin-dependent electron transport in
molecular wires, Chem. Phys., 281:311–324, 2002.

23. A. R. Rocha, V. M. Garcia-Suarez, S. W. Bailey, C. J. Lambert, J. Ferrer, and S. Sanvito,
Towards molecular spintronics, Nature Materials, 4:335–339, 2005.



MEASUREMENT OF THERMOELECTRIC AND THERMAL TRANSPORT PROPERTIES 283

24. A. Tan, J. Balachandran, S. Sadat, V. Gavini, B. D. Dunietz, S. Y. Jang, and P. Reddy, Effect
of length and contact chemistry on the electronic structure and thermoelectric properties of
molecular junctions, J. Am. Chem. Soc., 133:8838–8841, 2011.

25. L. Venkataraman, J. E. Klare, C. Nuckolls, M. S. Hybertsen, and M. L. Steigerwald, Depen-
dence of single-molecule junction conductance on molecular conformation, Nature, 442:904–
907, 2006.

26. B. Q. Xu and N. J. Tao, Measurement of single-molecule resistance by repeated formation of
molecular junctions, Sci., 301:1221–1223, 2003.

27. S. N. Yaliraki, M. Kemp, and M. A. Ratner, Conductance of molecular wires: Influence of
molecule-electrode binding, J. Am. Chem. Soc., 121:3428–3434, 1999.

28. Y. Q. Xue and M. A. Ratner, End group effect on electrical transport through individual
molecules: A microscopic study, Phys. Rev. B, 69:085403–085407, 2004.

29. P. N. Butcher, Thermal and electrical transport formalism for electronic microstructures with
many terminals, J. Phys.-Cond. Matter, 2:4869–4878, 1990.

30. M. Paulsson and S. Datta, Thermoelectric effect in molecular electronics, Phys. Rev. B,
67:241403–241406, 2003.

31. R. Landauer, Spatial variation of currents and fields due to localized scatterers in metallic
conduction, IBM J. Res. Dev., 1:223–231, 1957.

32. K. Esfarjani, M. Zebarjadi, and Y. Kawazoe, Thermoelectric properties of a nanocontact made
of two-capped single-wall carbon nanotubes calculated within the tight-binding approximation,
Phys. Rev. B, 73:085406–085411, 2006.

33. W. Zhang, N. Mingo, and T. S. Fisher, Simulation of phonon transport across a non-polar
nanowire junction using an atomistic Green’s function method, Phys. Rev. B, 76:195429–
195438, 2007.

34. S. H. Ke, M. Yang, S. Curtarolo, and H. U. Baranger, Thermopower of molecular junctions:
An ab initio study, Nano Lett., 9:1011–1014, 2009.

35. M. Leijnse, M. R. Wegewijs, and K. Flensberg, Nonlinear thermoelectric properties of molec-
ular junctions with vibrational coupling, Phys. Rev. B, 82:045412–045418, 2010.

36. D. Nozaki, H. Sevincli, W. Li, R. Gutierrez, and G. Cuniberti, Engineering the figure of merit
and thermopower in single-molecule devices connected to semiconducting electrodes, Phys.
Rev. B, 81:235406–235411, 2010.

37. A. E. Miroshnichenko, S. Flach, and Y. S. Kivshar, Fano resonances in nanoscale structures,
Rev. Mod. Phys., 82:2257–2298, 2010.

38. G. D. Mahan and J. O. Sofo, The best thermoelectric, Proc. Natl. Acad. Sci. USA, 93:7436–
7439, 1996.

39. Y. Zhou and D. Segal, Interface effects in thermal conduction through molecular junctions:
Numerical simulations, J. Chem. Phys., 133:094101–094110, 2010.

40. T. E. Humphrey and H. Linke, Reversible Thermoelectric Nanomaterials, Phys. Rev. Lett.,
94:096601–096604, 2005.

41. T. E. Humphrey, R. Newbury, R. P. Taylor, and H. Linke, Reversible quantum Brownian heat
engines for electrons, Phys. Rev. Lett., 89:116801–116804, 2002.

42. T. E. Humphrey, M. F. O’dwyer, and H. Linke, Power optimization in thermionic devices, J.
Phys. D, 38:2051–2054, 2005.



284 ANNUAL REVIEW OF HEAT TRANSFER

43. N. Nakpathomkun, H. Q. Xu, and H. Linke, Thermoelectric efficiency at maximum power in
low-dimensional systems, Phys. Rev. B, 82:235428–235436, 2010.

44. F. L. Curzon and B. Ahlborn, Efficiency of a Carnot engine at maximum power output, Am. J.
Phys., 43:22–24, 1975.

45. E. Fermi, J. Pasta, and S. Ulam, Studies of nonlinear problems, Los Almos Document No.
LA-1940 (unpublished), pp. 978–988, 1955.

46. S. Lepri, R. Livi, and A. Politi, Thermal conduction in classical low-dimensional lattices, Phys.
Rep.—Rev. Sec. Phys. Lett., 377:1–80, 2003.

47. A. Casher and J. L. Lebowitz, Heat flow in regular and disordered harmonic chains, J. Math.
Phys., 12:1701–1711, 1971.

48. S. Lepri, R. Livi, and A. Politi, Heat conduction in chains of nonlinear oscillators, Phys. Rev.
Lett., 78:1896–1899, 1997.

49. S. Lepri, R. Livi, and A. Politi, On the anomalous thermal conductivity of one-dimensional
lattices, Europhys. Lett., 43:271–276, 1998.

50. D. Segal, A. Nitzan, and P. Hanggi, Thermal conductance through molecular wires, J.Chem.
Phys., 119:6840–6855, 2003.

51. M. Galperin, A. Nitzan, and M. A. Ratner, Heat conduction in molecular transport junctions,
Phys. Rev. B, 75:155312–155325, 2007.

52. A. Henry and G. Chen, High thermal conductivity of single polyethylene chains using molec-
ular dynamics simulations, Phys. Rev. Lett., 101:235502–235505, 2008.

53. A. Henry and G. Chen, Anomalous heat conduction in polyethylene chains: Theory and molec-
ular dynamics simulations, Phys. Rev. B, 79:144305–144314, 2009.

54. A. Henry, G. Chen, S. J. Plimpton, and A. Thompson, 1D-to-3D transition of phonon heat
conduction in polyethylene using molecular dynamics simulations, Phys. Rev. B, 82:144308–
144312, 2010.

55. S. Shen, A. Henry, J. Tong, R. T. Zheng, and G. Chen, Polyethylene nanofibres with very high
thermal conductivities, Nat. Nanotechnol., 5:251–255, 2010.

56. K. Sasikumar and P. Keblinski, Effect of chain conformation in the phonon transport across a
Si-polyethylene single-molecule covalent junction, J. Appl. Phys., 109:114307–144312, 2011.

57. D. Segal and A. Nitzan, Heating in current carrying molecular junctions, J. Chem. Phys.,
117:3915–3927, 2002.

58. M. Galperin, M. A. Ratner, and A. Nitzan, Molecular transport junctions: Vibrational effects,
J. Phys.-Cond. Matter, 19:103201–103281, 2007.

59. D. R. Ward, D. A. Corley, J. M. Tour, and D. Natelson, Vibrational and electronic heating in
nanoscale junctions, Nat. Nanotechnol., 6:33–38, 2011.

60. M. Galperin, K. Saito, A. V. Balatsky, and A. Nitzan, Cooling mechanisms in molecular con-
duction junctions, Phys. Rev. B, 80:115427–115438, 2009.

61. Z. F. Huang, B. Q. Xu, Y. C. Chen, M. Di Ventra, and N. J. Tao, Measurement of current-
induced local heating in a single molecule junction, Nano Lett., 6:1240–1244, 2006.

62. M. Tsutsui, M. Taniguchi, and T. Kawai, Local heating in metal-molecule-metal junctions,
Nano Letters, 8:3293–3297, 2008.

63. G. Schulze, K. J. Franke, A. Gagliardi, G. Romano, C. S. Lin, A. L. Rosa, T. A. Niehaus,
T. Frauenheim, A. Di Carlo, A. Pecchia, and J. I. Pascual, Resonant electron heating and molec-



MEASUREMENT OF THERMOELECTRIC AND THERMAL TRANSPORT PROPERTIES 285

ular phonon cooling in single C60 junctions, Phys. Rev. Lett., 100:136801–136804, 2008.
64. D. Segal, Heat flow in nonlinear molecular junctions: master equation analysis, Phys. Rev. B,

73:205415–205423, 2006.
65. D. Segal and A. Nitzan, Heat rectification in molecular junctions, J. Chem. Phys., 122:194704–

194715, 2005.
66. S. Y. Jang, P. Reddy, A. Majumdar and R. A. Segalman, Interpretation of stochastic events in

single molecule conductance measurements, Nano Lett., 6:2362–2367, 2006.
67. A. Mishchenko, D. Vonlanthen, V. Meded, M. Burkle, C. Li, I. V. Pobelov, A. Bagrets, J. K. Vil-

jas, F. Pauly, F. Evers, M. Mayor, and T. Wandlowski, Influence of conformation on conduc-
tance of biphenyl-dithiol single-molecule contacts, Nano Lett., 10:156–163, 2010.

68. H. Park, J. Park, A. K. L. Lim, E. H. Anderson, A. P. Alivisatos, and P. L. Mceuen, nanome-
chanical oscillations in a single-C-60 transistor, Nature, 407:57–60, 2000.

69. J. M. Beebe, V. B. Engelkes, L. L. Miller, and C. D. Frisbie, Contact resistance in metal-
molecule-metal junctions based on aliphatic sams: Effects of surface linker and metal work
function, J. Am. Chem. Soc., 124:11268–11269, 2002.

70. S. H. Choi, B. Kim, and C. D. Frisbie, Electrical resistance of long conjugated molecular wires,
Sci., 320:1482–1486, 2008.

71. W. Lee and P. Reddy, Creation of stable molecular junctions with a custom-designed scanning
tunneling microscope, Nanotechnology, 22:485703–485710, 2011.

72. K. Baheti, J. A. Malen, P. Doak, P. Reddy, S. Y. Jang, T. D. Tilley, A. Majumdar, and
R. A. Segalman, Probing the chemistry of molecular heterojunctions using thermoelectricity,
Nano Lett., 8:715–719, 2008.

73. J. A. Malen, P. Doak, K. Baheti, T. D. Tilley, A. Majumdar, and R. A. Segalman, The nature of
transport variations in molecular heterojunction electronics, Nano Lett., 9:3406–3412, 2009.

74. J. A. Malen, P. Doak, K. Baheti, T. D. Tilley, R. A. Segalman, and A. Majumdar, Identifying
the length dependence of orbital alignment and contact coupling in molecular heterojunctions,
Nano Lett., 9:1164–1169, 2009.

75. P. Reddy, S. Y. Jang, R. A. Segalman, and A. Majumdar, Thermoelectricity in molecular junc-
tions, Sci., 315:1568–1571, 2007.

76. J. R. Widawsky, P. Darancet, J. B. Neaton, and L. Venkataraman, Simultaneous determination
of conductance and thermopower of single molecule junctions, Nano Lett., 12:354–358, 2012.

77. A. Tan, S. Sadat, and P. Reddy, Measurement of thermopower and current-voltage characteris-
tics of molecular junctions to identify orbital alignment, Appl. Phys. Lett., 96:013110–013112,
2010.

78. J. C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo, and G. M. Whitesides, Self-assembled
monolayers of thiolates on metals as a form of nanotechnology, Chem. Rev., 105:1103–1169,
2005.

79. D. Bohm, Quantum Theory, Dover Publ., New York, 1989.
80. L. Shi and A. Majumdar, Thermal Transport Mechanisms at Nanoscale Point Contacts, ASME

J. Heat Transfer, 124:329–337, 2002.
81. V. B. Engelkes, J. M. Beebe, and C. D. Frisbie, Length-dependent transport in molecular junc-

tions based on sams of alkanethiols and alkanedithiols: Effect of metal work function and ap-
plied bias on tunneling efficiency and contact resistance, J. Am. Chem. Soc., 126:14287–14296,
2004.



286 ANNUAL REVIEW OF HEAT TRANSFER

82. F. P. Incropera, Fundamentals of Heat and Mass Transfer, Wiley, Hoboken, 2007.
83. L. Weber, M. Lehr, and E. Gmelin, Investigation of the transport properties of gold point con-

tacts, Physica B, 217:181–192, 1996.
84. O. M. Wilson, X. Y. Hu, D. G. Cahill, and P. V. Braun, Colloidal metal particles as probes of

nanoscale thermal transport in fluids, Phys. Rev. B, 66:224301–224307, 2002.
85. Z. B. Ge, D. G. Cahill, and P. V. Braun, AuPd metal nanoparticles as probes of nanoscale

thermal transport in aqueous solution, J. Phys. Chem. B, 108:18870–18875, 2004.
86. Z. B. Ge, D. G. Cahill, and P. V. Braun, Thermal conductance of hydrophilic and hydrophobic

interfaces, Phys. Rev. Lett., 96:186101–186104, 2006.
87. Z. H. Wang, J. A. Carter, A. Lagutchev, Y. K. Koh, N. H. Seong, D. G. Cahill, and D. D. Dlott,

Ultrafast flash thermal conductance of molecular chains, Sci., 317:787–790, 2007.
88. R. Y. Wang, R. A. Segalman, and A. Majumdar, Room temperature thermal conductance of

alkanedithiol self-assembled monolayers, Appl. Phys. Lett., 89:173113–173115, 2006.
89. M. D. Losego, M. E. Grady, N. R. Sottos, D. G. Cahill, and P. V. Braun, Effects of chemical

bonding on heat transport across interfaces, Nat. Mater., 11:502–506, 2012.
90. L. H. Sperling, Introduction to Physical Polymer Science, Wiley, Hoboken, 2006.
91. S. Sadat, Y. J. Chua, W. Lee, Y. Ganjeh, K. Kurabayashi, E. Meyhofer, and P. Reddy, Room

temperature picowatt-resolution calorimetry, Appl. Phys. Lett., 99:043106–043108, 2011.




