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ABSTRACT
With the objective of understanding microscopic principles governing thermal energy flow in nanojunctions, we study phononic heat
transport through metal-molecule-metal junctions using classical molecular dynamics (MD) simulations. Considering a single-molecule
gold-alkanedithiol-gold junction, we first focus on aspects of method development and compare two techniques for calculating thermal
conductance: (i) The Reverse Nonequilibrium MD (RNEMD) method, where heat is inputted and extracted at a constant rate from oppo-
site metals. In this case, the thermal conductance is calculated from the nonequilibrium temperature profile that is created at the junction.
(ii) The Approach-to-Equilibrium MD (AEMD) method, with the thermal conductance of the junction obtained from the equilibration
dynamics of the metals. In both methods, simulations of alkane chains of a growing size display an approximate length-independence of the
thermal conductance, with calculated values matching computational and experimental studies. The RNEMD and AEMDmethods offer dif-
ferent insights, and we discuss their benefits and shortcomings. Assessing the potential application of molecular junctions as thermal diodes,
alkane junctions are made spatially asymmetric by modifying their contact regions with the bulk, either by using distinct endgroups or by
replacing one of the Au contacts with Ag. Anharmonicity is built into the system within the molecular force-field. We find that, while the
temperature profile strongly varies (compared with the gold-alkanedithiol-gold junctions) due to these structural modifications, the thermal
diode effect is inconsequential in these systems—unless one goes to very large thermal biases. This finding suggests that one should seek
molecules with considerable internal anharmonic effects for developing nonlinear thermal devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0125714

I. INTRODUCTION

The function, performance, and stability of electronic, plas-
monic, thermal, and thermoelectric devices fundamentally rely
on their heat conduction properties and energy dissipation
pathways.1–9 Unlike electrons, which are directly controlled by
electrostatic and electromagnetic fields, phonons, the quanta of
vibrational energy, are not feasibly manipulated by external driv-
ing forces. Can we control and direct vibrational energy flow at the
nanoscale, down to the level of a single molecule? Before address-
ing this question, we must first understand the relationship between
molecular structure and the ensuing thermal transport properties.

Recent studies of phononic heat conduction in single-molecule
junctions were focused on quasi one-dimensional (1D) organic
molecules. Specifically, since alkane chains are poor conductors of
charge carriers, one can safely assume that their thermal conduc-
tance is dominated by their nuclear motion and neglect the contri-
bution of electrons. Phononic thermal transport in alkane chains
of 2–10 repeating units (and sometimes longer) was simulated in
Refs. 10–17 with different techniques (classical or quantum) and
varying degree of details (one-dimensional or three-dimensional
models, explicit metals, or Langevin baths), with measure-
ments reported in Refs. 18 and 19. Experimental studies were
also performed on self-assembled monolayers (SAMs) of alkane

J. Chem. Phys. 157, 174105 (2022); doi: 10.1063/5.0125714 157, 174105-1

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0125714
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0125714
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0125714&domain=pdf&date_stamp=2022-November-3
https://doi.org/10.1063/5.0125714
https://orcid.org/0000-0002-0118-6893
https://orcid.org/0000-0002-8027-8920
mailto:dvira.segal@utoronto.ca
https://doi.org/10.1063/5.0125714


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

molecules20–25 with atomistic simulations reported in Refs. 24–29.
Both single-molecule and SAM junctions were generally shown to
support ballistic (non-dissipative) heat transport that was approxi-
mately length-independent in long enough chains (typically beyond
10 units). Given their simple structure and the ensuing ballistic
thermal behavior, alkane chains serve as a testbed for develop-
ing computational methodologies for single-molecule phonon heat
transport.

Toward the long-term objective of deciphering the structure–
function question in phonon heat flow at the nanoscale, in this study
we focus on two objectives: (i) method development and bench-
marking of computational techniques, (ii) modeling and simulations
of nonlinear thermal devices, specifically single-molecule thermal
diodes. Considering alkane-based junctions, we focus on the atom-
istic contribution to thermal energy transport, also referred to as
phononic heat transport (in the bulk, which is the source of ther-
mal energy in our work, the phonon description is valid). Compared
with quantum calculations,30,31 classical molecular dynamics (MD)
simulations can feasibly include anharmonic interactions, which
could be influential in molecules at high temperatures. Moreover,
for Au-alkane-Au nanojunctions, it was found that quantum statis-
tics played a small role around room temperatures,16 justifying
simulations based on classical MD.

We perform atomistic-classical nonequilibrium MD simula-
tions of Au-alkanedithiol-Au junctions and related-modified sys-
tems using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS)32 and study their thermal conduction as a
function of length, temperature bias, and contact properties. The
first part of the paper, Sec. II is devoted to aspects of method devel-
opment and benchmarking. Here, our objective is to find what
(possibly complementary) microscopic information different com-
putational techniques convey, their benefits, and shortcomings. We
utilize two methodologies for extracting the phonon conductance
of molecular junctions: In the first method, which we discuss in
Sec. II A, we implement reverse nonequilibrium molecular dynam-
ics (RNEMD) simulations. Here, kinetic energy is added to one Au
lead, and removed from the other side, both at a constant rate.
In response, a temperature gradient develops across the junction,
allowing us to calculate the thermal conductance of the junction.
This method was previously implemented to, e.g., describe heat con-
duction in a silicon-polyethylene-silicon single-molecule junction11
and in Au-SAM-Au systems.24–26 The second method, discussed in
Sec. II B is referred to as the approach-to-equilibrium molecular
dynamics (AEMD) method. This tool was recently applied to inves-
tigate the thermal resistance of molecular junctions based on ab ini-
tio quantum dynamics.33 In this approach, the thermal conductance
is determined from the equilibration dynamics of the bulk metals by
monitoring their changing temperatures. In Sec. II C, thermal con-
ductances obtained from these two computational approaches are
compared with other studies and to experiments and discussed.

Continuing to applications, the main nontrivial question that
we probe in the subsequent Sec. III is whether an alkane-based
junction could materialize the thermal diode effect by making it spa-
tially asymmetric through modifications to its boundaries. Thermal
diodes are devices that conduct heat asymmetrically upon reversal
of the temperature bias.34–38 Based on minimal models, see, e.g.,
Refs. 39 and 40, it was argued that a diode effect can be generated
at the nanoscale when two conditions are met: The junction is

spatially asymmetric and effects are at play. We incorporate asym-
metry in two distinct ways: (i) We modify one of the endgroups to
enhance asymmetry, as well as anharmonicity. (ii) We build junc-
tions with mismatched metal contacts. In both cases, anharmonicity
is included in the force-field. Our analysis reveals that while the
temperature profile generated in the molecule is sensitive to spa-
tial asymmetry, the ensuing thermal diode effect is insignificant in
alkane-based junctions unless the temperature bias is made very
large (Th − Tc > 200 K, with Th,c the temperatures of the opposite
metals). Section IV brings predictions on the linear conductance of
homogeneous and mismatched junctions. We summarize our work
in Sec. V, further suggesting directions for future work.

II. SIMULATION TECHNIQUES
We discuss here the two simulation methods that we

implemented and tested for studying thermal conductance with
LAMMPS: The reverse nonequilibrium MD, which is based on
steady-state simulations, and the approach-to-equilibrium MD,
which relies on transient dynamics.

A. Reverse nonequilibrium molecular dynamics
The RNEMD method employs a reverse procedure for

determining the current-thermal bias (or specifically the ther-
mal conductance), compared with the direct nonequilibrium
MD method.15–17,26–29,41 In RNEMD, one equilibrates the total sys-
tem to a certain temperature (300 K in this work), then imposes the
heat current as a parameter. In turn, the temperature profile in the
junction is obtained in the nonequilibrium steady-state limit. The
heat current is given by the rate of adding (extracting) kinetic energy
into (from) atoms in the hot (cold) baths. By splitting the system
into sections, a temperature profile resultant of the energy flow is
obtained by calculating the kinetic energy on sections of the metals
and the molecule.

We define the temperature bias on the junction as ΔTM–M′ , with
M=Au, Ag identifying themetal contact; the temperatures are evalu-
ated on the metal, but close to the molecule. We also characterize an
intrinsic molecular temperature difference, which is defined between
the two endgroups. In an alkanedithiol junction, this temperature
bias is measured S-to-S, ΔTS–S. We illustrate these two temperature
differences in Fig. 1.

These biases are used for the determination of two thermal
conductance values, GM–M′ and GS–S, based on the linear response
expression,

G = J
ΔT

. (1)

GM–M′ corresponds to experimental measurements of thermal
conductance in molecular junctions,18,19 since then, temperatures
are practically measured at the metal contacts. In contrast, while
GS–S is affected by the molecule being hybridized to the metal con-
tacts, it provides deeper insights into the thermal transport behavior
within the molecule itself.

We present in Fig. 1 a graphical representation of the junction
and its partition into sections (a), the resultant nonequilibrium tem-
perature profile under a certain value of the heat current J (b), and
a demonstration of the approximately linear relationship between
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FIG. 1. Simulation results from the RNEMD method. (a) A graphical representation of a single-molecule junction; regions in the metals over which the temperature is
evaluated are separated by dashed lines. (b) The temperature profile obtained in RNEMD simulations, shown for NC = 10 under the heat current J = 0.02 eV/ps. Each data
point represents a time-averaged temperature of Au sections and individual atoms in the chain as displayed in (a). We define two temperature biases, ΔTAu–Au and ΔTS–S,
evaluated as the difference between either gold or yellow data points, respectively. (c) and (d) Imposed heat current against the resulting temperature bias (c) ΔTAu–Au and
(d) ΔTS–S with molecular length NC = 10.

the heat current and the temperature difference (c) and (d), where
again one needs to remember that the heat current is fixed in sim-
ulations and the temperature difference is the calculated-simulated
value. Appendix A provides details of the setup and the simula-
tion procedure. The force field and its parameters are described in
Appendix C.

Focusing on Fig. 1(b), which exemplifies the characteristics of
the temperature profile, we point out that its form agrees with the
literature.15,24 Note the large temperature fluctuations on the S and
C atoms, compared with the Au sections. This is expected since each
gold section consists of many (270) atoms, allowing better averaging
and reduced fluctuations within the leads—compared with molec-
ular sections, which are made of single atoms. Additional observa-
tions are the following: (i) A small gradient is presented within the
Au sections. (ii) The temperature profile is approximately spatially
symmetric, reflecting the structural symmetry. (iii) The lion’s share
of the temperature bias drops at the interfaces between the gold leads
and the sulfur atoms. Only a small temperature gradient develops on
the alkane chain itself. This behavior matches the fact that the har-
monic part of the molecular force field dominates over anharmonic
contributions, thus transport on the molecule is close to ballistic42
(anharmonic interactions are included in themolecular dihedral and
Au-interface interactions). Metal-molecule interfacial thermal resis-
tance43 is, thus the main source of resistance in Au-alkanedithiol-Au
junctions, as we also show in Fig. 2.

The results in Figs. 1(c) and 1(d) demonstrate a linear rela-
tionship between the heat current and the temperature difference,
allowing us to extract both GAu–Au and GS–S as linear response coef-
ficients. The molecule-length dependency of both GAu–Au and GS–S

is shown in Fig. 2. While G appears to be higher at short lengths,
the thermal conductance is approximately constant for chains with
NC = 8–12 units, yet manifesting a small decline for longer chains.
Based on the dominance of the harmonic part in the alkane

FIG. 2. RNEMD thermal conductance as a function of molecular length displaying
GAu–Au and GS–S. Data were obtained by performing simulations as presented in
Fig. 1 while varying the molecular length: For each junction, the heat current is set
at J = 0.02 eV/ps, and we extract the temperature differences ΔTAu–Au and ΔTS–S
to evaluate the respective conductance. Each data point was averaged over three
independent simulations.
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force-field, alkane-based junctions are expected to follow the ballistic
transport behavior, with minimal inelastic-dissipative effects. The
ballistic mechanism in our system is reflected by the thermal con-
ductance being almost independent with length, and it is supported
by experiment.18 However, other studies of alkane chains discovered
that finite-size effects can cause the thermal conductance to peak at
short molecular lengths.10,23

Our calculated Au-to-Au thermal conductance, GAu–Au, is in
a good agreement with the literature, both in terms of values and
trends, see Sec. II C. In what follows: unless otherwise stated, we use
GM–M′ as the relevant measure for the junction’s conductance, with
the temperature difference evaluated from the metal atoms at the
boundaries.

Examining in Fig. 2 the intrinsic conductance, GS–S, we observe
similar trends to GAu–Au, with the conductance close to saturating
for long chains. As expected, the intrinsic molecular conductance is
greater than the junction’s value, GS–S > GAu–Au, reflecting the con-
tribution of contact resistance to the latter. It is remarkable to note
the extent of the suppression of conductance due to the interface

resistance. This reinforces the argument that transport is close to
being ballistic (nonresistive) in the molecule.6

B. Approach-to-equilibrium molecular dynamics
The AEMD method relies on the phenomenological Newton’s

law of cooling. In this method, the thermal conductance is deter-
mined from the rate of thermal equilibration of the metal leads.
Starting with a nonequilibrium condition, the two separate metal
leads are prepared at distinct temperatures, hot and cold. Once the
metals are attached via the molecule, energy flows between the met-
als through the molecule, approaching a global equilibrium state. By
monitoring the bulk temperature while relaxing to equilibrium, one
can determine the thermal conductance of the junction.

Newton’s cooling law for each metal lead is given by

C
dTh(t)
dt

= −G[Th(t) − Tc(t)],

C
dTc(t)
dt

= −G[Tc(t) − Th(t)],
(2)

FIG. 3. AEMD simulations of thermal conductance. Temperatures of the hot (Th) and cold (Tc) gold regions over AEMD simulation time, and plots of ln(ΔT) over time for
(a) and (b) initial temperature bias of 200 K and (c) and (d) 50 K. The decay timescale τ used in the determination of the thermal conductance, Eq. (5), is obtained from a
linear fit of the ln(ΔT) plot before equilibration. Panels (c) and (d) highlight the limitation of the AEMD method at low temperature biases, as the exponential decay toward
equilibrium is not sufficiently manifested. Parameters are NC = 10 in both cases and T̄(0) = 300 K.
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where C is the heat capacity of the lead. Using the Dulong–Petit law,
which is justified in the classical MD simulations, the heat capacity
is approximated as C = 3kBNAu, where N is the number of moving
gold atoms in the lead (see Appendixes A and B) atoms, and kB is the
Boltzmann constant. G is the thermal conductance of the junction.
Defining the temperature difference as ΔT = Th − Tc, the two parts
of Eq. (2) can be combined,

dΔT(t)
dt

= −2G
C

ΔT(t). (3)

The solution to this differential equation is given by

ΔT(t) = ΔT(0) e−t/τ , (4)

where τ ≡ C/2G is the equilibration time. For later use, we also define
the averaged temperature as T̄(t) = [Th(t) + Tc(t)]/2, which is set
at T̄(0) = 300 K for the AEMD simulations.

We display examples of AEMD simulations in Fig. 3 with initial
temperature biases of 200 K (top) and 50 K (bottom). Raw data with
the changing temperatures of the metals is shown in Figs. 3(a) and
3(c). In Figs. 3(b) and 3(d), we present ln(ΔT) as a function of time
in accord with Eq. (4). While at short times an exponential decay
is observed (linear decay in the log scale), at long time the system
approaches equilibrium and it no longer follows Newton’s cooling
law. Focusing on the appropriate exponential-decay regime, colored
in black in Figs. 3(b) and 3(d), one can extract the slope 1/τ and
evaluate the thermal conductance from the AEMDmethod as

G = C
2τ

. (5)

In Fig. 4, we show that thermal conductances from the AEMD
method are in agreement with RNEMD results for GAu–Au. While
larger errors seem to affect the conductance in AEMD, results are

FIG. 4. AEMD simulations of thermal conductance as a function of molecular length
(◻). RNEMD results from Fig. 2(a) are overlayed for comparison (○). Parameters
are Th(0) = 400 K, Tc(0) = 200 K. Each AEMD data point was obtained by
averaging over five runs.

within repeated simulation error, and trends observed in the two
methods are similar. The AEMD method thus similarly exposes
an approximate ballistic transport behavior, compounded with
finite-size effects.10

While Fig. 4 suggests that RNEMD and the AEMD are both
valid, there are several limiting aspects of the AEMD method that
make it less favorable than RNEMD. These aspects are discussed in
Sec. II C, concluding that the RNEMD method is a more robust
technique. Thus, our method of choice in applications, Sec. III,
is RNEMD.

C. Comparison: Methods and experiments
The results from the RNEMD and AEMDmethods match well,

as we show in Fig. 4. While both methods display what seems to
be finite-size effects of the conductance in short chains, ballistic
transport is more evident in RNEMD results for longer systems.

We now discuss the pros and cons of the two methods. Begin-
ning with the RNEMD method, the determination of thermal con-
ductance in this technique is based on measuring the temperature
profile along the chain, in a steady state. This method, however,
is not limited to linear-response, as one can more generally inter-
rogate with RNEMD the relationship between ΔT and the heat
current, as we do in Sec. III. On the down side, production runs with
RNEMD are relatively long, at ≈25 ns, an order of magnitude longer
than AEMD simulations [see Figs. 3(a) and 3(c)]. Indeed, the main
appealing aspect of the AEMD is its shorter simulation time with
decreased computational cost.

Despite its short simulation time, the AEMD method suffers
from several deficiencies. Newton’s cooling law is phenomenological
and it relies on several assumptions including that G is temperature-
independent and that the decay behavior is controlled by a single
timescale. Regarding the former, this issue will be of a concern in sys-
tems for whichG varies with temperature with problems expected to
be manifested when going to high temperature biases. A second lim-
itation of AEMD concerns studies at small biases. As noted in Fig. 4,
simulations of G over length were obtained using a temperature bias
of 200 K, which is larger than what experiments nowadays can fea-
sibly allow.18,19 Thus, we attempted to determine G with AEMD at
a lower bias, comparable to the aforementioned experiments. Raw
data are displayed in Figs. 3(c) and 3(d). We immediately note the
extent of fluctuations in the temperature trajectory due to the small
temperature bias in Fig. 3(c), compared with Fig. 3(a). These fluc-
tuations, and the short equilibration time limit the adoption of the
AEMD cooling equations. Figure 3(d) shows that the linear region is
short and noisy, thus extracting the timescale τ is imprecise. Indeed,
our fitting procedure leads to aG value of 35 pW/K, which is outside
the range of results in Fig. 4. Additional constraints on the AEMD
method are that it assumes that there is no spatial variation of the
temperature in the bulk, and that it is not proper to be used on long
molecular systems because the phenomenological cooling expres-
sion assumes a single exponential decay. In contrast, in long chains
(N = 14 according to our tests) oscillations decorate the exponential
decay, indicating more involved dynamics than a single exponential
decay.

Based on both RNEMD and AEMD methods, the thermal
conductance of single-molecule S-alkane-S junction of NC ≈ 10
sites is at 40–45 pW/K. In Table I, we compile relevant thermal
conductance values from the literature for alkane junctions, both
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TABLE I. Table of thermal conductance values from theoretical and experimental studies.a

Reported Molecule Interface
Nos. conductance type type Single-molecule/SAM Experiment/theory Authors

1 40–45 pW/K S-alkane-S Au Single-molecule Theory (classical MD) This work
2 30 pW/K Alkane Debye-type model Single-molecule Theory (GQLE) Segal et al.10
3 20 pW/K S-alkane-S Au Single-molecule Theory (classical MD) Sharony et al.15
4 39 pW/K S-alkane-S Au Single-molecule Theory (classical MD) Majumdar et al.25
5 30–35 pW/K S-alkane-S Au Single-molecule Theory (semiclassical MD) Li et al.16
6 35–45 pW/K S-alkane-S Au Single-molecule Theory (quantum NEGF) Klöckner et al.12
7 180 pW/K Alkane Si Single-molecule Theory (classical MD) Sasikumar and Keblinski11
8 25 pW/K S-alkane-S Au Single-molecule Experiment Cui et al.18
9 40 pW/K S-alkane-S Au Single-molecule Experiment Mosso et al.19

10 400 MW/m2 K S-alkane-S Au SAM Theory (classical MD) Luo and Lloyd26

11 260 MW/m2 K Alkane Si SAM Theory (first-principles AEMD) Duong et al.33

12 18 MW/m2 K Alkane Diamond SAM Theory (classical MD) Wang et al.29

13 60 MW/m2 K S-alkane-S Au SAM Experiment Majumdar et al.24
14 16 pW/K S-alkane Au, Si SAM Experiment Meier et al.23

aReported G are those most relevant to our system, such as the approximate thermal conductance of a ten-carbon chain, if the authors examined length dependence.

computational with different methods, as well as experimental; our
obtained results (row No. 1) should be compared with relevant
experimental studies (row Nos. 8 and 9), as well as to computations
on the same system (row Nos. 3–6). SAMs bring comparable values
when consideration is given to the per area aspect of their thermal
conductance.

In Ref. 10 (row No. 2 in Table I), Generalized Quantum
Langevin Equation (GQLE) simulations were used to estimate the
thermal conductance of alkane chains connected to solids, resulting
in conductances of ∼30 pW/K at room temperature for a ten-atom
alkane chain. While this number is surprisingly close to experimen-
tal results, we note that in the GQLE the interface is lacking chemical
information: The solids are described in a stochasticmanner and one
uses a simple analytic form for their density of states.

III. THERMAL DIODE EFFECT
The development ofmolecule-based thermal devices is a central

objective in nanoscale heat transport, with a particular interest in
the realization of thermal diodes (rectifiers).2,9 In analogy to elec-
trical diodes, thermal diodes present differences in the magnitude
of the heat current when the direction of the applied temperature
bias is reversed. Early studies identified anharmonicity and spatial
asymmetry as two key factors in realizing thermal diodes, and efforts
were placed on identifying promising molecular and nanoscale
setups.36–40 More recently, advancements in studies of phononic
thermal diodes have largely occurred through MD simulations of
carbon-based materials.44–49 In parallel to the quest for realizing
molecular-based heat diodes, radiative thermal diodes were explored
in hybrid normal-superconducting junctions50–52 and by utilizing
metal–insulator phase transitions;53–55 these references are exam-
ples of a large literature. Additionally, pump-probe time-dependent
studies on asymmetric molecules discovered unidirectional vibra-
tional energy flow, a diode-like effect.56–58 Overall, compared with
the electrical analog, thermal control is hindered by immature tech-
nology; studies of thermal diodes may lead to the development of
desired nonlinear thermal components.7,9,34,35

Our objective in this section is to test whether alkane junctions,
which were already studied as thermal conductors, can be modi-
fied and used as backbone materials in phononic thermal diodes.
Recalling that anharmonicity and spatial asymmetry are necessary
conditions in the thermal diode effect, we note that anharmonicity
is built-in into the alkanedithiol junction in several places: within
dihedral interactions, the Morse potential at the boundary in the
Au–S bond, and the contribution of the Lennard-Jones and embed-
ded atom model (EAM) potentials. As for structural asymmetry, we
introduce it here either by modifying one of the endgroups, or by
replacing one of the metal leads. In both setups, the thermal trans-
port behavior is examined with the RNEMD method, which allows
the investigation of current-temperature bias characteristics far from
equilibrium.

In Sec. II, we showed that the thermal conductance of alka-
nedithiol junctions was about a constant, independent of length.
This suggests ballistic transport as the ruling transport mechanism,
resulting from the dominance of harmonic interactions over anhar-
monic effects. Note that in Fig. 2 the temperature difference ΔTAu–Au
was at about 60 K. However, a diode effect is a nonlinear trans-
port phenomenon that shows up at a high bias, once nonlinear
contributions in ΔT manifest, J ≈ GΔT +G2(ΔT)2 + ⋅ ⋅ ⋅. Here, G is
the (linear response) thermal conductance, and G2 is the first non-
linear contribution to the diode effect. While the linear-response
conductance may predominantly reflect the harmonic force field,
even-power terms such as G2 fundamentally rely on anharmonic
interactions. To realize a thermal diode, we thus need to amplify
anharmonic effects in the junction, enhance spatial asymmetry, and
most importantly, apply a large thermal bias so as to increase the
weight of high-order terms in the current, such as G2(ΔT)2. Below,
we apply large thermal biases as high as ΔT = 500 K.

A. Asymmetric endgroups and the thermal
diode effect

Our first proposed setup for single-molecule thermal diodes
is depicted in Fig. 5. It includes an alkane chain with endgroups
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FIG. 5. Asymmetric junctions created by manipulating the dissociation energy of
endgroups connected to Au. (a) and (b) show two identical, asymmetric junc-
tions with imposed heat current flowing in opposite directions. The respective
temperature profiles from RNEMD are displayed, manifesting a large jump in tem-
perature at the weaker contact. Parameters are heat current of J = 0.02 eV/ps and
NC = 10.

of distinct bond dissociation energies. Specifically, we assume that
one endgroup involves a “normal” Au–S bond, while the potential
energy of the opposite endgroup denoted by S′ is weakened using
a smaller bond dissociation energy, De/4. We refer to the Au–S

and Au–S′ contacts as “strong” and “weak,” respectively. Specifi-
cally, the De values in the Morse potential are 0.38 eV (strong) and
0.095 eV (weak). As such, we created an asymmetric junction as
well as enhanced the role of anharmonicity. The weaker endgroup
could represent an Au-methyl or Au-carboxilic contact. Since our
goal here is to explore different setups toward thermal diode appli-
cations, we rely here on this phenomenological and flexible mean for
enforcing asymmetry, rather than analyze a concrete endgroup.

For comparison, we first study a symmetric junction where
both contacts are weak, and find (simulation results not shown)
that the thermal conductances GAu–Au and GS–S are in the range of
20–22 and 96–105 pW/K, respectively. Thus, with weak bonds, the
junction’s conductance GAu–Au is approximately half of the value
obtained with normal S-bond interactions (see Fig. 2). In contrast,
and in accord with our expectations, the molecular conductance of
weakly bonded junctions is only mildly (∼15%) smaller than the
strongly bonded junction’s value.

We exemplify in Fig. 5 the temperature profile generated in
a current-carrying nonequilibrium situation under forward and
reversed currents of the same magnitude. A large temperature drop
occurs on the weakly-coupled contact S′–Au, while a smaller tem-
perature difference falls on the stronger S–Au contact. This is
expected; the stronger bond better facilitates thermal transport with
reduced contact resistance. The temperature of the alkane chain thus
lies closer to the temperature of the Au lead to which it strongly
couples.

In Fig. 5, we enforced identical currents in opposite directions.
However, to test the existence and extent of the diode effect one
needs to compare J(ΔT) to J(−ΔT). This is a nontrivial task under
the RNEMDmethod since in this approach we impose currents and
gain the corresponding ΔT as the dependent variable.

Figure 6(a) illustrates the diode setup. Results are presented in
Figs. 6(b) and 6(c) showing the heat currents for the asymmetric
De junctions as a function of the junction’s thermal bias, ΔTAu–Au,
and as a function of the intrinsic bias, ΔTS–S′ . Recall that the lat-
ter bias corresponds to the temperature difference falling on the
molecule, between the two endgroups.

When the system operates as a diode, the current-bias
profiles of forward and backward junctions should differ, ∣J(ΔT)∣
≠ ∣J(−ΔT)∣. To guide the eye, we project the forward current onto
the left-bottom quadrature. Figure 6(b) displays this plot against
ΔTAu–Au, and we find that the diode effect on the junction is
marginal. Thus, though (as we show next) a small diode effect exists
on the molecule, transport asymmetry is negligible once taking into
account the contribution of contact resistance. Given the approxi-
mate linear current-bias trend, we can also extract the conductance,
which is ∼27 pW/K. In Fig. 6(c) we present the current against the
internal temperature drop,ΔTS–S′ . In this case, we do observe a small
diode effect: The comparison between current-bias profiles indicates
that the current is larger when the weak bond is coupled to the hot
metal, than when the weak bond is connected to the cold bath, in
accord with Refs. 39 and 40. Nevertheless, (i) a diode effect is missing
in the junction’s definition. (ii) Even when utilizing the intrinsic
definition, the diode effect is small. We thus conclude that a diode
effect is marginal in asymmetric-endgroup alkane junctions under
experimentally relevant applied biases.

B. Mismatched metals and the diode effect
We explore here the development of the diode effect in asym-

metric junctions created by replacing one of the gold contacts with
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FIG. 6. Analysis of the thermal diode effect in junctions with endgroup asymmetry. (a1) and (a2) Graphical representation of molecular junctions in the (a1) forward and
(a2) backward current direction. (b) and (c) Imposed forward (black) and backward (red) currents against (b) ΔTAu–Au and (c) ΔTS–S′ . The forward current is also diagonally
projected on the left-bottom quadrature (gray, empty ○). In simulations, NC = 10, the heat current was varied, and the temperature bias was extracted as explained in Fig. 5.

a different metal, silver. Silver has a higher Debye temperature than
gold, T Au

D = 180 K, while T Ag
D = 220 K. In Au-SAM-Ag junctions,

the mismatch in phononic spectral densities of the different met-
als was shown experimentally to impact (reduce) thermal transport
compared with an Au-SAM-Au junction.24 It is interesting to probe
this effect in single-molecule junctions, as well as to test whether it
could lead to a diode effect under large temperature biases.

In simulations, we replaced one of the gold contacts by
silver, changing the atomic mass and the metal–metal interaction
(EAM potential). However, we assumed that Au and Ag have identi-
cal Morse interaction potentials with the molecular endgroup (S).
This assumption allows us to concentrate on the role of the mis-
match in the phonon spectra of the metals on the diode effect,
rather than compounding it with the impact of different endgroups’
interactions.

We display in Fig. 7 a graphical representation of a junction
with mismatched metals, along with the temperature profiles under
forward and backward current-carrying conditions. Similar to Fig. 5,
we observe that the averaged temperatures of the backbone C atoms
deviate from T ≈ 300 K (the temperature achieved in symmetric
junctions, see Fig. 1). Instead, the temperature of the molecule lies
closer to the temperature of Ag. Comparison with Sec. III A sug-
gests that Ag, with its higher Debye frequency, allows better phonon
transmission to the molecule, thus a smaller contact resistance. As
for the internal temperature profile, we find that it is symmetric
under the reversal of the nonequilibrium condition.

We now probe the diode effect in junctions with mismatched
metals and compare it to the case with asymmetric endgroups. The
results are presented in Fig. 8. For small currents, we confirm a
linear trend with J(+ΔT) = −J(−ΔT). When we test the behavior
under high heat currents, ΔTM–M′ begins to differ when evaluated
in the forward or backward directions, with significant deviations
once ΔTM–M′ > 200 K. A clear diode effect shows once the met-
als are maintained at large temperature differences of 300 K and
higher. Note that for J = 0.1 eV/ps, we found that the temperatures
of the hot and cold metals were ∼450 and 150 K, which can be
still simulated with classical MD.16 In contrast, for J = 0.15 eV/ps,

the corresponding temperatures were about 550 and 50 K; for this,
low temperature classical simulations lose accuracy.16 Nevertheless,
as we mention below, building ΔT ∼ 500 K over 1–2 nm junctions
is not feasible. As for the internal temperature difference, ΔTS–S,
we also observe a substantial diode effect forming internally, and
at lower temperature biases than when measured at the contacts,
although simulation noise clouds this observation. These results are
in line with the behavior of the asymmetric-endgroup junctions as
presented in Fig. 6, where the internal molecular definition mani-
fested a more noticeable diode effect compared with the marginal
metal-to-metal result.

Overall, according to Fig. 8, mismatched junctions do not
support a substantial diode effect as long as ΔTM–M′ < 200 K. While
the mismatched metals can support a diode effect, the temperature
difference required for its manifestation is outside of what is feasible
in experiments, which typically stays in the range of ΔT = 50–100 K.

Asymmetry was introduced here in the metals’ phonon spec-
tra. We recall a related setup, which does not involve metal contacts:
Motivated by pump-probe experiments in solution,56,57 in Ref. 59
a diode-like effect was analyzed in a molecules consisting two dis-
tinct endgroup moieties, anthracene and azulene, bridged by a
polyethylene glycol oligomer. There, a significant diode effect was
observed on the molecule due to the vibrational mismatch between
the two endgroups, combined with nonlinear-anharmonic coupling
effects.

C. Discussion
The junctions analyzed in Secs. III A and III B were spatially

asymmetric, and they involved anharmonic effects. However, only
at challenging conditions of high thermal biases could a diode effect
be realized. We recall that in Sec. II, we observed that the ther-
mal conductance of the junctions only weakly varied with size,
indicating the dominance of the harmonic force field in thermal
energy transport. Here, pushing the mismatched case to high ther-
mal biases, we expose the G2 term [recall the series expansion
J ≈ GΔT +G2(ΔT)2 + ⋅ ⋅ ⋅]. This term, and higher even-power terms
are responsible for the diode effect.

J. Chem. Phys. 157, 174105 (2022); doi: 10.1063/5.0125714 157, 174105-8

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 7. Thermal transport in Au-alkanedithiol-Ag junctions. (a) and (b) show two
identical junctions with heat currents flowing in opposite directions, along with
their respective temperature profiles (RNEMD simulations). Parameters are heat
current J = 0.02 eV/ps and NC = 10.

We estimate the nonlinear contribution G2 in our system using
data from Fig. 8. Consider say the case of J = 0.15 eV/ps: In what
we refer to as the forward (F) direction, the M–M′ temperature
drop is ΔTF = 465 K while in the opposite, backward (B) scenario

FIG. 8. Study of a diode effect in Au-alkanedithiol-Ag junctions, extending to large
heat current and temperature differences. We present the current from the hot
Au to the colder Ag (full) and the reversed configuration (empty) as a function of
the temperature bias between the metals (circle) or the endgroups (square). The
temperature differences ΔTS–S and ΔTM–M′ were calculated based on profiles as
in Fig. 7. Simulations were performed with the RNEMD method on an NC = 10
chain.

ΔTB = 520 K. Using the polynomial expansion for the current, we
find that

G2 = G
(ΔTB − ΔTF)
ΔT2

F + ΔT2
B
. (6)

Plugging the above values for the temperature differences and using
the linear conductance G = 3.2 × 10−4 eV/(ps K) (equivalent to
about 50 pW/K), we estimate G2 = 3.6 × 10−8 eV/(ps K2), which is
0.006 pW/K2. Clearly, our system requires large thermal biases to
manifest the impact of G2.

The absence of the diode effect under moderate conditions
could be analyzed as follows:60

In both setups (junctions with distinct endgroups or mis-
matched metals) and under moderate currents of J = 0.02 eV/ps
(which is not far from what was used in experiments such as in
Ref. 18, at about 0.0075 eV/ps), the temperature profile approxi-
mately obeys the following relation,

Tn + T̃n = TM + TM′ = 2T̄. (7)

Here,Tn is the temperature of the nth section (part of themetal, or of
the molecule) under left-to-right net current, while T̃n is the temper-
ature profile under reversed conditions. TM,M′ are the temperatures
of the metals measured at their boundaries, with T̄ defined as their
average.

We now assume that the heat current can be written as a linear
function in the local temperatures,

JM→M′ =∑
n
αnTn, (8)
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with αn as the expansion coefficients. Based on the fact that J = 0 at
equilibrium, we find that∑n αn = 0. Now, to test the diode effect, we
turn the bias such that now heat flows from M′ toward M. We thus
use the temperature profile of the reversed case,

JM′→M =∑
n
αnT̃n,

=∑
n
αn(TM + TM′ − Tn)

= −∑
n
αnTn, (9)

which proves the absence of a diode effect. Note that Eq. (8) extends
beyond a Landauer-harmonic description and it could account for
anharmonic effects and high thermal biases situations, see, e.g.,
Ref. 60. Thus, as long as (i) the temperature profile obeys the
symmetry relation Eq. (7), and the current is linear in the local
temperatures, Eq. (8), a diode effect cannot be materialized in the
junction. Figures 5 and 6 for asymmetric endgroups, and Fig. 7 with
Fig. 8 for mismatched metals, support this analysis.

IV. MISMATCHED JUNCTIONS: SINGLE-MOLECULE
VS SELF-ASSEMBLED MONOLAYERS

We now go back to the linear-response regime and address
a question that was previously interrogated for SAMs in Ref. 24:
What is the role of mismatched metals on the junction’s linear
response thermal conductance?We return to the conditions of Fig. 7
where the current was relatively low, yielding ΔTM–M′ ≈ 60 K. In this
regime, the heat current vs ΔTM–M′ trend is about linear, thus one
can calculate the linear conductance on the junction from their ratio.
We present in Fig. 9 the thermal conductance of this system, testing
junctions with the same metals (Au-alkane-Au and Ag-Alkane-Ag),
and with mismatched interfaces (Au-alkane-Ag and Ag-alkane-Au).

FIG. 9. Thermal conductance in M-alkanedithiol-M′ junctions with Au and
Ag metals. The arrow in the labeling of asymmetric junctions indicates the direc-
tion of net heat flow, from the hot to the cold metal. Parameters are heat current
J = 0.02 eV/ps and NC = 10.

We reveal that the conductance with Ag metals is higher than with
Au. As for the mismatched junctions, they support conductances in
between those of the homogeneous-metal junctions.

A previous RNEMD study on SAMs compared the conductance
of Au-alkanedithiol-Au to Au-alkanedithiol-Ag,24 observing a
higher thermal conductance in the latter system. Experiments on
SAMs,24 however, showed the opposite trend, with mismatched
junctions having conductance below the homogeneous-gold case.
This disagreement was suggested to stem from classical MD sim-
ulations activating high-frequency vibrational modes, which in
actuality should not participate in heat transport. A simple har-
monic theory for heat transport is presented in Appendix D.
This harmonic analysis supports MD predictions with the order-
ing GAg–Ag > GAu–Au. However, under the harmonic approximation
of Appendix D, the mismatched junction conducts similar to the
homogeneous gold case. These points to the fact that the impact
of anharmonic interactions can be discerned from analysis of mis-
matched junctions, and that these interactions are apparently at play
in our molecular junctions.

V. SUMMARY
Using classical molecular dynamics simulations, we studied

phonon heat transport through single molecule junctions. The work
addressed two aspects: Method development in the area of clas-
sical molecular dynamics, and applications, interrogating whether
alkane-based molecular junctions could be modified to serve as
thermal diodes.

In the method-development part of this study, we employed
two classical MD methods. RNEMD is a steady-state approach
where one sets the current and obtains the temperature profile across
the junction, allowing the calculation of current-bias characteristics
and the thermal conductance. In contrast, in the AEMDmethod, one
follows the equilibration dynamics from a nonequilibrium initial
condition, receiving the junction’s conductance, albeit under some
approximations.

The two methods produced similar results for the thermal
conductance of 6 to 14-unit Au-alkanedithiol-Au junctions. Results
were in accord with reported experiments, pointing as well to the
expected ballistic transport. Though the AEMD method offers a
computational advantage over the RNEMD technique, we con-
cluded that assumptions underlying its analysis restrict its applica-
tion (e.g., to large thermal biases ΔT) deeming the RNEMDmethod
to be a more suitable, flexible, and robust method to study thermal
transport in molecular junctions.

By constructing spatially asymmetric junctions, we probed the
diode effect in alkane-based junctions far from equilibrium. We
constructed two setups: molecules with asymmetric endgroups of
strong and weak bonds, and molecules placed between different
(mismatched) metals. In both cases, the temperature profile gener-
ated on the current-carrying junction was spatially asymmetric. In
junctions with asymmetric endgroups, a large temperature gradient
developed on the weak contact, yet the diode effect when mea-
sured on the junction (rather than over the molecule) was marginal.
For Au-alkane-Ag mismatched junctions, the Au contact was more
resistive, with a larger thermal bias falling on that contact. In themis-
matched case, we had pushed the thermal bias to significantly high
values and then showed that a diode effect could be materialized.We
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thus conclude that alkane-based junctions with mismatched metals
show a thermal diode effect once large thermal biases (over 300 K)
are applied. These conditions are beyond current experimental
capabilities.

Moving beyond alkane-based chains, which serve here as a
benchmark, our future work will be focused on the simulation of
phonon heat transport in families of flexible molecules that are
expected to show nonlinear transport behavior at moderate thermal
biases, thus possibly support a stronger diode response. In addi-
tion, there is an interest in identifying families of molecules that
either promote61 or hinder62,63 thermal transport in single-molecule
junctions.

Other fundamental challenges in molecular thermal transport
include (i) performing a quantitative study of the relation-
ship between transient pump-probe vibrational energy trans-
fer experiments64–66 and steady state measurements of phononic
heat transport; (ii) identifying means for an active control of
thermal transport, e.g., with electric fields67 or by mechanical
compression;68 and (iii) understanding whether and when quan-
tum effects contribute to steady-state phonon transport at room
temperature.5,16,69–72
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APPENDIX A: IMPLEMENTATION
OF RNEMD SIMULATIONS

We describe here technical details concerning the RNEMD
method. We present the setup and simulations for the junction. One
can readily generalize the setups to account for a modified sulfur
endgroup, S′, and use other metal contacts.

1. Setup
The initial, rigid structure of the system is displayed in Fig. 10,

where a single alkanedithol chain is placed between two leads of gold
with 2160 atoms each. The system is placed in a simulation box with
periodic boundaries that has the x, y dimensions conform to the
edges of Au leads, but a substantial height in the z dimension, with
the top of the box placed far from the atoms.

The atom types comprise of Au, S, and CH2. For this model,
C andH are grouped into an united CH2 atom due to negligible con-
tribution to thermal transport by interactions from the C–H bond.
Henceforth, C atoms will refer to united CH2 atoms. We display
in Fig. 10 our assignment of different atom types (1–6), as well as
defined sections (1–30) for which temperature data will be collected.
Note that we distinguish between four different Au atom (types 1–4)
since they are handled differently in simulations, as we now explain.
Each Au section consists of 270 atoms (separated into sections with
180 and 90 atoms at the very ends). The individual S and C atoms
on the molecule also define sections, giving a total of 30 sections for
a 10-unit S-alkane-S chain. The total number of Au atoms in sec-
tions 3–9 is 1890, thus we have 3780 Au atoms in both leads. Our
standard setup consists of seven sections of Au at each contact, for
which temperature data are collected.

As shown in Fig. 10, atoms type 1 exist on both ends of the
leads as a fixed Au that holds the rest of the lead in place to pre-
vent collapsing. These atoms are not allowed to move in simulations
and their role is to hold the junction and prevent the gold pieces
from collapsing onto one another. Atom types 2 and 3 are single

FIG. 10. Visualization of the initial coordinate file (OVITO78) used in RNEMD simu-
lations for NC = 10. We list atom types (1–6) and section numbers (1–30), with the
temperature profile evaluated for each section (barring the boundaries, type 1).
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sections of Au, where heat is inputted and outputted, respectively.
The rest of the moving Au is grouped as type 4. Atom types 5 and
6 correspond to S and C, respectively, where we use the united atom
description.

The force field and its parameters are described in Table II; it
was adopted from Ref. 73. Intermolecular potentials were adopted
from simulations on nanocrystal arrays73 and SAMs.24,25 Inter-
actions within the alkanedithiol molecule are approximated by
harmonic two- and three-body interactions, as well as four-body
(dihedral) interactions. The Morse potential governs the interac-
tion between the metal and the molecule, namely the Au and S
interaction. Au–Au interactions are given by the embedded atom
model (EAM).74,75 A Lennard-Jones potential is set for long-range,
non-bonded interaction between all atoms.

2. Equilibration
NPT equilibration is carried out first to relax the system,

barostatting for zero pressure and to a target temperature. NVT
propagation is subsequently carried out by equilibrating the entire
system to T = 300 K. Each equilibration is carried over 1.5 ns with
1 fs timesteps.

3. Production run
After equilibration, we carry out long production runs with

NVE simulations to produce temperature profiles in a steady state.
At this stage, heat is inputted and extracted (as kinetic energy per

unit time to the atoms) at the same rate to and from atom types
2 and 3, respectively. It was determined that a heat current (J) on the
order of 0.01–0.04 eV/ps produces temperature differences of order
50–200 K. Production runs are executed for a total of 22.5 ns, with
results being averaged over the last 20 ns. Raw temperature data are
collected by logging every 1000 steps of 1 fs timesteps, equivalent to
every 1 ps.

APPENDIX B: IMPLEMENTATION
OF AEMD SIMULATIONS

In this appendix, we describe the implementation of the AEMD
simulation method.

1. Setup
The initial, rigid structure of the system is displayed in Fig. 11,

where a single alkanedithol chain is placed between two leads of gold
with 2160 atoms each. Similar to RNEMD, the system has periodic
boundaries in the x and y dimensions (planes of gold), but the box
is extended in the z dimension; the top of the box is placed further
away from the atoms.

Similar to Appendix A, atom types comprise of Au, S, and CH2.
As shown in Fig. 11, atom type 1 exists on both ends of the leads as
the fixed Au that holds the rest of the lead in place to prevent collaps-
ing. Atoms types 2 and 3 designate the moving Au of their respective
leads, which will be equilibrated to high and low temperatures. Types

TABLE II. List of potentials and interactions used in MD simulations. Parameters were adopted from Ref. 73.

Potential Interaction Parameters

Harmonic - stretching C–C ks = 11.27 eV/Å2, r0 = 1.54 Å
Es = 1

2ks(r − r0)
2 S–C ks = 9.627 eV/Å2, r0 = 1.815 Å

Harmonic-bending C–C–C kθ = 5.388 eV/rad2, θ0 = 109.5○
Eθ = 1

2kθ(θ − θ0)
2 S–C–C kθ = 5.388 eV/rad2, θ0 = 114.4○

Dihedral C–C–C–C a0 = 0.096 17 eV

Ed = ∑5
n=0 an cos

n ϕ

S–C–C–C a1 = −0.125 988 eV

(Same parameters)

a2 = −0.135 98 eV
a3 = 0.0317 eV
a4 = 0.271 96 eV
a5 = 0.326 42 eV

Morse
Au–S

De = 0.38 eV

EM = De[e−2α(r−r0) − 2e−α(r−r0)]
α = 1.47 Å−1
r0 = 2.65 Å

Embedded atom model Au–Au Reference 74
Ag–Ag, Au–Ag Reference 75

Lennard-Jones

ELJ = 4εij[( σijrij )
12
− ( σijrij )

6
] with Lorentz–Berthelot mixing rules

εij =√εiεj, σij = 1
2(σi + σj)

where i, j denote different atom types

Au and Au ε = 0.001 69 eV, σ = 2.935 Å
Au and C ε = 0.002 94 eV, σ = 3.42 Å
S and S ε = 0.017 24 eV, σ = 4.25 Å
S and C ε = 0.010 86 eV, σ = 3.55 Å
C and C ε = 0.005 12 eV, σ = 3.905 Å
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FIG. 11. Visualization of AEMD initial coordinate file (OVITO) for NC = 10, with
listed atom types used for simulation.

4 and 5 are S and C atoms, respectively. The force field used was the
same as in the RNEMD.

2. Equilibration
NPT equilibration is carried out first to relax the system and

simulation box, barostatting for zero pressure and thermostatting
to a target temperature, T̄. Subsequent NVT equilibration is car-
ried out individually on the two Au leads to Th and Tc, where
T̄ = 1

2(Th + Tc). Equilibration steps are carried out over 1.5 ns with
1 fs timesteps.

3. Production run
The two leads are connected via the molecule. An NVE simula-

tion is conducted on the overall system for a total simulation time of
5 ns. During this time, the temperatures of the Au lead relax to the
equilibrium value, T̄. Raw temperature data are collected by logging
every 1000 steps of 1 fs timesteps, equivalent to every 1 ps.

APPENDIX C: FORCE FIELD: POTENTIALS
AND PARAMETERS

Table II shows list of potentials and interactions used in MD
simulations.

APPENDIX D: HEAT TRANSPORT IN M-MOLECULE-M′
JUNCTIONS: LANDAUER FORMALISM

We complement here the MD results presented in Fig. 9 using
a minimal model for thermal transport. Our goal is to demonstrate
the effect of Debye frequencies of the attached metals (or more gen-
erally, their phonon spectra) on the phonon heat current. Using the
quantum Landauer formula for phonon heat transport, we study
here heat transport in M-alkanedithiol-M′ junctions with the metals
being either Au or Ag. Consistent with Fig. 9, we find that around
room temperature, Ag, which has a higher Debye frequency than
Au, supports higher currents for the same thermal bias. Mismatched

junctions, however, show in the harmonic model conductance
values close to the case of gold, unlike MD simulations that bring
values between the same-metal junctions.

In our minimal model, the molecule is represented by a single
harmonic mode of frequency ω0. We assume Ohmic functions for
the two phonon baths, albeit we use different Debye temperatures
for Au and Ag. To restrict the comparison to the difference in Debye
frequencies, we normalize the heights of the two spectral functions
so that they match at their maximum value.

For a fully harmonic model, the phonon heat current is given
by a Landauer-type expression.76 Considering a single-mode system,
a calculation of the transmission function yields10,39

J = 2
π∫

∞

−∞

dωh̵ω
ω2γM(ω)γM′(ω)

(ω2 − ω2
0)2 + ω2(γM(ω) + γM′(ω))2

× [nM(ω) − nM′(ω)]. (D1)

Here, nM(ω) is the Bose–Einstein distribution function evaluated at
the temperature of the Mmetal. We used a spectral density function
with a hard cutoff: γM(ω) = CMωe−ω/ωM for ω ≤ ωM and γM(ω) = 0
for ω > ωM . The spectral density function is related to the phonon
density of states. We used a function with a hard cutoff to reflect the
absence of phonon modes in the metal beyond a certain frequency.
We tested in simulations other forms for the spectral density func-
tion (e.g., ignoring the exponential factor); we found those results
to be similar to what we present next. CM is a dimensionless con-
stant controlling the metal-molecule coupling strengths. ωM is the
Debye frequency of the Mmetal. The two spectral functions are pre-
sented in Fig. 12(a). Since ωAg > ωAu, the phonon spectra of Ag are
displaced to higher frequencies.

Our results for the heat current are presented in Figs. 12(b) and
12(c). Since we take into account a single molecular mode, we study
the current as a function of the molecular frequency ω0. The behav-
ior of the current is monotonic with ω0, thus the overall trends are
expected to hold even when multiple modes contribute.

Around room temperature, according to Fig. 12(b), Ag junc-
tions support the highest currents while Au junctions show a lower
current. The mismatched case supports a current close to the value
of gold’s junctions. Results for the homogeneous junctions qualita-
tively agree with and support RNEMD simulations as presented in
Fig. 9. This behavior can be rationalized based on the higher spectral
density of Ag metal compared with Ag around room temperature,
0.025 eV.

To decouple our model harmonic effects from quantum statis-
tics, we had further tested the behavior of currents when we replace
the quantum baths with classical ones. That is, we replace the
Bose–Einstein distribution functions with their classical-high tem-
perature limits. Our results were essentially unchanged by going to
the classical limit.

As for a quantitative comparison between the minimal-model
calculation and classical MD simulations: Given the significant sim-
plifications in the minimal model here (single molecular mode, fully
harmonic force field) we do not expect the numbers to agree. How-
ever, we note that according to the MD study the conductance of
Ag junctions is about 40% higher than Au, see Fig. 9. The
single-model provides smaller ratios, with GAg–Ag/GAu–Au ≈ 1.2, see
Fig. 12(b).
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FIG. 12. Analysis of phonon heat transport in M-alkanedithiol-M′ junctions using a single-mode harmonic model. (a) Phononic spectral density functions γM(ω) used to

describe M = Au, Ag, differing by their Debye frequencies, T Au
D = 180 K and T Ag

D = 220 K, and normalized by height. (b) Heat current for gold, silver, and mismatched
junctions for Th = 340 K, Tc = 270 K and at (c) lower temperatures, Th = 90 K, Tc = 40 K. We used the constants CAu = 10 and CAg = 0.8CAu in the spectral density
function γM(ω), so as to reach the same maximal value in panel (a).

The parameter CM in the spectral density function γM(ω)
determines the strength of the metal-molecule coupling, with
the measure for the interaction energy ER = CMωM . This can be
regarded as a reorganization energy for phonon transport from the
metals to the system.77 The Debye frequencies for Au and Ag are
in the 20 meV range, thus a reasonable value for CM would be
at 10, arriving at a metal-molecule coupling energy of 0.2 eV. In
Fig. 13, we show that the current slowly varies with this coupling
energy. Therefore, the specific choice of CM does not affect our
conclusions.

Altogether, the simple harmonic model provides predictions
in line with MD simulations for homogeneous chains. In contrast,

FIG. 13. Analysis of phonon heat transport in M-alkanedithiol-M′ junctions based
on a single-mode model, displaying the dependence of the heat current on the
coupling parameter CAu. Th = 340 K, Tc = 270 K and we set CAg = 0.8CAu, see
Fig. 12.

to understand transport in mismatched Au-molecule-Ag junctions,
one needs to include anharmonic effects. In mismatched junc-
tions, the contribution of anharmonic interactions is significant,
allowing transport, e.g., from the tail of the Ag spectral function
(ωAu < ω < ωAg) to Au.
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