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Temperature-dependent thermal transport of single molecular junctions from semiclassical
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Thermal conductance of single molecular junctions at room temperature has been measured recently using
picowatt-resolution scanning probes. However, fully understanding thermal transport in a much wider temper-
ature range is needed for the exploration of energy transfer at single-molecular limit and the development of
single-molecular devices. Here, employing a semiclassical Langevin molecular dynamics method, a comparative
study is performed on the thermal transport of an alkane chain between Au and graphene electrodes, respectively.
We illustrate the different roles of quantum statistics and anharmonic interaction in the two types of junctions.
For a graphene junction, quantum statistics is essential at room temperature, while the anharmonic interaction
is negligible. For a Au junction, it is the other way. Our study paves the way for theoretically understanding
thermal transport of realistic single-molecular junctions in the full temperature range by including both quantum
statistics and anharmonic interaction within one theoretical framework.
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I. INTRODUCTION

Although tremendous progress has been made in the mea-
surement and understanding of electric, thermoelectric, and
optoelectric transport properties of single-molecular junctions
(SMJs) [1–6], the measurement of heat transport at the single-
molecular level is much more challenging and has become
possible only very recently [7–13]. The dominant heat car-
riers are electrons in a metallic atomic wire, and the thermal
conductance quantum has been observed [8,12]. However, in a
single-molecular junction, the dominant heat carriers become
phonons due to the reduced electrical conductance [7,10,11].
The length dependence of single-molecular thermal conduc-
tance κ has been studied, and the experimental results [7]
confirmed early theoretical prediction [14–16].

So far, the experimental study has focused on κ near room
temperature (RT) T = 300 K. To fully understand thermal
transport properties of SMJs, the temperature dependence of
κ has to be studied, where theoretical methods applicable
to the full temperature range are required. Commonly avail-
able methods have their limitations in this respect. Classical
molecular dynamics (MD) cannot be applied to the low tem-
perature regime, especially in the regime well below Debye
temperature, where quantum statistics has to be taken into
account. While the nonequilibrium Green’s function (NEGF)
method is fully quantum mechanical, it is not easy to deal
with anharmonic interaction in the high temperature regime
[17]. Consequently, it is commonly used within the harmonic
approximation [15,18–20]. A general theoretical method ap-
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plicable in the full temperature range is a prerequisite to
understand temperature-dependent thermal transport in SMJs.

In this work, we employ a semiclassical Langevin molec-
ular dynamics (SCLMD) method [21–36] to study the
temperature-dependent κ of single-molecular junctions. The
statistical properties of the Langevin thermal baths are treated
quantum mechanically, and the deterministic Hamiltonian dy-
namics of the system is treated classically. It has been shown
that this semiclassical approach is asymptotically correct at
both low and high temperature limits [17,22,23]. We consider
the prototypical alkane chain between two types of electrodes,
Au and graphene, respectively. These two electrode materials
have very different phonon bandwidth and Debye temperature
(165 K for Au [37,38] and 2100 K for graphene [39,40]). We
show that at RT quantum statistics is essential for a graphene
junction, but not for a Au junction. Meanwhile, anharmonic
effect already shows up at RT in Au junctions and gives rise
to ∼15% reduction of κ compared to the harmonic case. These
results extend our understanding of heat transport in SMJs to a
much wider temperature range and are helpful for the study of
thermoelectricity, current-induced heating in SMJs [6,9,34].

II. METHODS

A. Semiclassical Langevin molecular dynamics

The semiclassical Langevin equation is written as [21–31]

ü = − ∂

∂u
V − γ u̇ + f . (1)

Here, u is a vector that contains the mass-normalized displace-
ment from the corresponding equilibrium position of each
atomic degree of freedom (DOF), i.e., ui = √

mi(Ri − R(0)
i ),

where mi, Ri, and R(0)
i are the mass, time-dependent, and equi-

librium position of the ith DOF, respectively. The first term on
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FIG. 1. Alkane chain consisting of N CH2 units placed between
Au (a) and graphene (b) electrodes. Atoms under the black lines are
fixed, and the rest are dynamical. Those under the red and blue lines
are connected to quantum Langevin thermal baths at high and low
temperatures, respectively. OVITO is used for visualization [41].

the right-hand side represents the potential force, the second
term is the friction, and the last term is the fluctuating force.
The last two terms are from the quantum Langevin baths and
apply only to the DOF directly connected to the two thermal
baths (atoms under red and blue lines in Fig. 1). In general, the
friction term depends on the history of velocity, leading to a
time convolution with a memory kernel. Here, we use the time
local version. The memory effect can be taken into account
by including extra atoms in the electrodes explicitly in the
MD simulation [26,27]. Moreover, we take the same friction
coefficient γ for all the DOF. The quantum effect is introduced
by the fluctuating force with a colored noise spectrum

Si j (ω) = 2h̄ωγ δi, j

[
nB(ω, T ) + 1

2

]
, (2)

with

nB(ω, T ) = 1

exp(h̄ω/kBT ) − 1
(3)

the Bose-Einstein distribution function, kB the Boltzmann
constant, and T the absolute temperature. With this quantum
statistics, it has been shown that quantum ballistic thermal
transport can be reproduced by the semiclassical equation
[17]. At high temperature limit, Eq. (2) reduces to

Si j (ω) = 2kBT γ δi, j, (4)

and we recover the classical Langevin equation.
The potential force is obtained by linking the home-

made MD program with LAMMPS [42]. For the junction with
graphene electrodes, the second-generation reactive empirical
bond order potential [43] is used, while for the junction with
Au electrodes, a reactive force field [44–47] optimized for
Au-S-C-H systems is used. Both potentials have been used
to calculate κ of similar junctions [19,48–50].

In the MD simulation, the whole system is divided into
several parts (Fig. 1): the central junction, the thermal bath
region, and the fixed region. The friction and the fluctuating
force act on atoms in the thermal bath region only (atoms
under blue and red lines in Fig. 1). Periodic boundary con-
dition is used in the direction perpendicular to the transport
direction. A symmetric temperature difference of δ = 0.1T is

FIG. 2. Dependence of thermal conductance at room temperature
on the friction coefficient γ . The results are obtained from NEGF
using harmonic force constants. The molecule has 10 CH2 units.
According to these results, We have chosen γ = 10 ps−1 for all the
following results reported in this work.

applied between the two thermal baths, with T the average
temperature. Time steps dt = 1 fs and dt = 0.5 fs are re-
spectively used for the alkane junction with Au and graphene
electrodes in the MD simulation. The final results are obtained
by averaging three independent MD runs, where each run lasts
for 4×106 steps [51]. We have used γ = 10 ps−1 throughout
(see Fig. 2 for the effect of γ on κ), and have further ignored
the zero-point energy in the power spectrum for better con-
vergence. Comparison of results with and without zero-point
energy can be found in Fig. 7(b). The kinetic energy distribu-
tion of the system can be studied using the power spectrum,
which is defined by

Cvv (ω) =
∑

i

Cvivi (ω) =
∑

i

∫
dt Cvivi (t )eiωt , (5)

where

Cvivi (t ) = 〈vi(t )vi(0)〉 = 1

t0

∫
dt ′vi(t

′ + t )vi(t
′) (6)

is the velocity correlation function at steady state. The time
integration is over the full simulation time t0.

B. Harmonic calculation using NEGF

To compare with the MD results, we also calculate κ within
the harmonic approximation using the NEGF method. The
harmonic force constants are obtained from the same potential
as MD. The Landauer formula is used to calculate κ [18,21]:

κ =
∫ +∞

0

dω

2π
T (ω)

∂nB

∂T
, (7)

with the transmission coefficient given by the Caroli formula

T (ω) = Tr[Dr (ω)�L(ω)Da(ω)�R(ω)], (8)

where Dr (ω) and Da(ω) with Dr (ω) = (Da)†(ω) are the
phonon retarded and advanced Green’s functions, �α =
i[
α (ω) − 
†

α (ω)] the coupling function to the bath α, and

r/a

α (ω) is the phonon retarded/advanced self-energy due to
coupling to bath α.
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FIG. 3. Temperature dependence of thermal conductance for
the molecular junction with 10 CH2 units obtained from differ-
ent approaches. (a) and (b) are for Au and graphene electrodes,
respectively.

III. RESULTS AND DISCUSSIONS

Previously, both the NEGF and classical MD (CMD)
have been used to study thermal transport in SMJs
[15,16,18,52–54]. However, both methods have their short-
comings. In practice, it is not easy to include the anharmonic
phonon interaction in the NEGF calculation. Consequently,
the NEGF method is often used under harmonic approxima-
tion [15,18,19]. On the other hand, CMD largely overesti-
mates the thermal conductance at low temperatures due to the
classical Maxwell-Boltzmann statistics. Thus, neither method
can be used to study the full temperature dependence of κ

without a priori analysis of the system.
The advantage of the SCLMD is that it is asymptotically

correct in both high and low temperature limits. In the high
temperature limit, quantum effect is not important, and the
anharmonic effect can be taken into account classically. In the
low temperature limit, the anharmonic effect is not strong, and
quantum statistics becomes crucial.

We have shown that our homemade MD script correctly
reproduces results in these two limits in Fig. 3. Firstly, we
performed NEGF calculation using the harmonic force con-
stants obtained from LAMMPS. It agrees well with our SCLMD
results using the same set of harmonic forces. However, due
to the limitation of classical statistics, the classical Langevin
MD (CLMD) is not applicable in the low temperature regime,

FIG. 4. Power spectrum of the left electrode atoms obtained
from different methods for Au (a) and graphene (b) electrodes. The
average temperature is T = 300 K. The power spectra of Au (a) ob-
tained from the three methods are similar. However, for the graphene
junction (b), the CLMD, following Maxwell-Boltzmann statistics,
gives a much larger power spectrum at high frequency, leading to
overestimation of κ . The SCLMD overcomes this shortcoming by
enforcing Bose-Einstein statistics in the Langevin baths. The results
thus obtained are close to that of the quantum-mechanical NEGF
method.

where the Bose-Einstein statistics cannot be approximated
by the classical Boltzmann statistics. This invalidates the
use of CLMD at low temperature. Secondly, we compare
results obtained from CLMD using LAMMPS and our home-
made code. They agree with each other within the statistical
error. Quantitatively, the average deviation between them,
defined as κr = (κLAMMPS − κCLMD)/κCLMD × 100% for each
temperature, is ∼3%.

We now discuss our main results shown in Fig. 3. The
temperature dependence of κ obtained from SCLMD for the
alkane junction with Au and graphene electrodes is shown
in Figs. 3(a) and 3(b), respectively. For the Au junction,
SCLMD and CLMD results agree with each other at T >

100 K. The average relative difference for T > 100 K, cal-
culated as κr = (κSCLMD − κCLMD)/κCLMD × 100% for each
temperature, is ∼6%. We find that in this regime anharmonic
effect reduces κ by ∼15% compared to the harmonic results.
We attribute this reduction to the anharmonic interaction of
vibrational modes in the molecule (see discussions below).
Quantum effect is important only for T < 100 K, where the
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FIG. 5. The average of absolute difference �F = |Fn − Fh| be-
tween the anharmonic force Fn and the harmonic force Fh for each
atom along the harmonic trajectories. Average is done over 2×105

MD steps. (a) Au junction at T = 300 K. (b) Graphene junction at
T = 1000 K.

SCLMD result deviates from that of CLMD. On the contrary,
for the graphene junction, quantum statistics is essential, lead-
ing to ∼20% reduction of the thermal conductance at RT.
The agreement between NEGF and SCLMD results indicates
that the anharmonic effect does not influence the thermal
conductance yet.

In Fig. 4 we plot the the power spectrum of electrode
atoms at RT from the SCLMD, CLMD, and NEGF meth-
ods. For the Au junction, their difference is small. However,
for the graphene junction, due to classical equipartition, the
CLMD gives rise to much larger energy of the high-frequency
phonons. They furthermore contribute to thermal transport
by coupling to the molecular vibrations, leading to overes-
timation of the thermal conductance. This unphysical effect
is avoided in the SCLMD, where the phonons follow the
quantum Bose-Einstein distribution. The power spectrum ex-
plains why CLMD cannot be used to study RT κ of graphene
junction.

We notice the deviation between NEGF harmonic and the
MD results in the high temperature regime (T > 100 K for Au
junction, T > 800 K for graphene junction). This is due to the
anharmonic interaction between different phonon/vibrational

(a)

(b)

1

10

60

1

10

60

Average

(c)

(d)

FIG. 6. Typical structures extracted from the MD trajectory (a),
(b), their thermal conductance (red) at 300 K, and potential energy
with respect to the lowest energy conformer used in Fig. 3 (blue).
We have taken ∼100 structures that deviate most from the lowest
energy conformer. The deviation is defined as d = ∑

i �R2
i , where

�Ri is the displacement of atom i from the lowest energy conformer.
The first structure has the largest deviation. To show the correlation
between potential energy and thermal conductance, we have reversed
the direction of thermal conductance in (c) as indicated by the arrow.

modes. In molecular junctions, the anharmonic interaction
has two opposite effects on κ . Firstly, it may enhance ther-
mal transport by redistributing heat between different modes,
especially at the molecule-electrode interfaces. This opens
a heat transport channel of high-frequency vibrations within
the molecule that are out of the phonon band of Au elec-
trodes. Secondly, it may cause scattering of the low-frequency
phonons that carry most of the heat. A comparison between
the harmonic NEGF and SCLMD results suggests the latter
is dominant here. This is also indicated from the much larger
deviation of the anharmonic forces from the harmonic ones in
the molecule than in the electrodes (Fig. 5).

Comparing the two types of junctions, we find that
κ of the graphene junction is about one order of magnitude
larger than that of the Au junction. This can be attributed to
better phonon spectrum overlap between the molecule and
the graphene electrodes. In biased SMJs, electron-vibration
interaction results in Joule heating and current-induced forces
in the molecule [55–57]. Larger κ is favorable for efficient
energy transport from the molecular vibrations to electrode
phonons. Thus, single-molecular junctions with graphene
electrodes are promising candidates for constructing stable
single-molecular devices [58].

So far, we have only considered one conformer with the
lowest energy for the two types of junctions. During the
MD run, we actually generate many different structures. To
investigate how κ depends on the molecular conformation, we
have taken typical conformers from the first ∼100 structures
that deviate most from the lowest energy conformer within
one MD run (4 × 106 steps), whose potential energy is set
to zero. Typical structures, their potential energy, and ther-
mal conductance are shown in Fig. 6. For Au junctions, the
thermal conductance spans within 0.02–0.04 nW/K. There
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FIG. 7. Variation of thermal conductance at 300 K with molec-
ular length between Au (a) and graphene (b) electrodes. Different
approaches give a similar trend in length dependence. But the CLMD
overestimates the thermal conductance of the graphene junction.
Moreover, results with and without zero-point energy (ZPE) are
compared, showing that ZPE increases the uncertainty in the thermal
conductance, but has small effect on the average.

is a close correlation between potential energy and thermal
conductance. Conformers with larger potential energy have
smaller thermal conductance. For graphene junctions, their
potential energy and thermal conductance are almost the same
as the lowest energy conformer.

The length dependence of κ for an alkane chain has been
studied intensively in past years [13,14,16]. Theoretical study
suggested a weak length dependence of κ , which was recently
confirmed experimentally [7]. In Fig. 7, the results obtained
from the SCLMD and those from the CLMD and NEGF ap-
proaches for Au (a) and graphene (b) electrodes are compared,

respectively. The weak length dependence is reproduced by
all methods for both types of electrodes. For the Au junction,
the SCLMD results are consistently smaller than the NEGF
results for all lengths. As we have discussed, we attribute this
to the anharmonic vibrational interaction within the molecule.
For the graphene junction, CLMD overestimates the absolute
value of κ for all cases. This again shows the importance of
quantum statistics for quantitative analysis of κ in a single-
molecular junction with graphene electrodes. The inclusion of
zero-point energy introduces larger uncertainty in the result-
ing thermal conductance. It will require longer MD simulation
to reduce the uncertainty. But the average thermal conduc-
tance does not change much, although we do observe a slight
decrease compared to the result without zero-point energy.

IV. CONCLUSION

We have implemented a semiclassical Langevin molecular
dynamics approach to study the thermal transport properties
of single-molecular junctions. We have performed a compar-
ison of this method to commonly used classical molecular
dynamics and the nonequilibrium Green’s function method.
The results show that our semiclassical Langevin approach
can be used both at low temperature regime where quantum
statistics is essential and at high temperature regime where
anharmonic interaction plays a role. Applying this method to
two types of molecular junctions, we find that thermal conduc-
tance of a molecular junction with graphene electrodes is one
order of magnitude larger than that with Au electrodes. The
high thermal conductance of the graphene junction is helpful
for the transport of excess heat from the central junction to
the surrounding phonon environment in a working single-
molecular optoelectronic device. For graphene electrodes,
quantum statistics is important even at room temperature. The
semiclassical Langevin approach provides an efficient and
practical method for the theoretical study of single-molecular
thermal transport in the full temperature range.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (Grant No. 21873033), the National
Key Research and Development Program of China (Grants
No. 2017YFA0403501 and No. 2018YFE0127800), Funda-
mental Research Funds for the Central Universities (Grant
No. 2872019kfyRCPY045), and the Program for HUST
Academic Frontier Youth Team. We thank the National Super-
computing Center in Shanghai for providing computational
resources.

[1] F. Evers, R. Korytár, S. Tewari, and J. M. van Ruitenbeek,
Advances and challenges in single-molecule electron transport,
Rev. Mod. Phys. 92, 035001 (2020).

[2] D. Xiang, X. Wang, C. Jia, T. Lee, and X. Guo, Molecular-scale
electronics: From concept to function, Chem. Rev. 116, 4318
(2016).

[3] N. Xin, J. Guan, C. Zhou, X. Chen, C. Gu, Y. Li, M. A.
Ratner, A. Nitzan, J. F. Stoddart, and X. Guo, Concepts in the
design and engineering of single-molecule electronic devices,
Nat. Rev. Phys. 1, 211 (2019).

[4] S. V. Aradhya and L. Venkataraman, Single-molecule junctions
beyond electronic transport, Nat. Nanotechnol. 8, 399 (2013).

245413-5

https://doi.org/10.1103/RevModPhys.92.035001
https://doi.org/10.1021/acs.chemrev.5b00680
https://doi.org/10.1038/s42254-019-0022-x
https://doi.org/10.1038/nnano.2013.91


LI, HU, YANG, AND LÜ PHYSICAL REVIEW B 104, 245413 (2021)

[5] M. Galperin and A. Nitzan, Molecular optoelectronics: The
interaction of molecular conduction junctions with light,
Phys. Chem. Chem. Phys. 14, 9421 (2012).

[6] Y. Dubi and M. Di Ventra, Colloquium: Heat flow and thermo-
electricity in atomic and molecular junctions, Rev. Mod. Phys.
83, 131 (2011).

[7] L. Cui, S. Hur, Z. A. Akbar, J. C. Klöckner, W. Jeong, F. Pauly,
S. Y. Jang, P. Reddy, and E. Meyhofer, Thermal conductance of
single-molecule junctions, Nature (London) 572, 628 (2019).

[8] L. Cui, R. Miao, C. Jiang, E. Meyhofer, and P. Reddy, Per-
spective: Thermal and thermoelectric transport in molecular
junctions, J. Chem. Phys. 146, 092201 (2017).

[9] L. Cui, W. Jeong, S. Hur, M. Matt, J. C. Klöckner, F. Pauly, P.
Nielaba, J. C. Cuevas, E. Meyhofer, and P. Reddy, Quantized
thermal transport in single-atom junctions, Science 355, 1192
(2017).

[10] N. Mosso, U. Drechsler, F. Menges, P. Nirmalraj, S. Karg, H.
Riel, and B. Gotsmann, Heat transport through atomic contacts,
Nat. Nanotechnol. 12, 430 (2017).

[11] N. Mosso, H. Sadeghi, A. Gemma, S. Sangtarash, U. Drechsler,
C. Lambert, and B. Gotsmann, Thermal transport through
single-molecule junctions, Nano Lett. 19, 7614 (2019).

[12] N. Mosso, A. Prasmusinto, A. Gemma, U. Drechsler, L.
Novotny, and B. Gotsmann, Quantized thermal conductance
in metallic heterojunctions, Appl. Phys. Lett. 114, 123102
(2019).

[13] D. Segal and B. K. Agarwalla, Vibrational heat transport in
molecular junctions, Annu. Rev. Phys. Chem. 67, 185 (2016).

[14] D. Segal, A. Nitzan, and P. Hänggi, Thermal conductance
through molecular wires, J. Chem. Phys. 119, 6840 (2003).

[15] Q. Li, I. Duchemin, S. Xiong, G. C. Solomon, and D. Donadio,
Mechanical tuning of thermal transport in a molecular junction,
J. Phys. Chem. C 119, 24636 (2015).

[16] J. C. Klöckner, M. Bürkle, J. C. Cuevas, and F. Pauly, Length
dependence of the thermal conductance of alkane-based single-
molecule junctions: An ab initio study, Phys. Rev. B 94, 205425
(2016).

[17] J. S. Wang, Quantum Thermal Transport from Classical
Molecular Dynamics, Phys. Rev. Lett. 99, 160601 (2007).

[18] J.-T. Lü and J.-S. Wang, Quantum phonon transport of
molecular junctions amide-linked with carbon nanotubes: A
first-principles study, Phys. Rev. B 78, 235436 (2008).

[19] J. C. Klöckner and F. Pauly, Variability of the thermal
conductance of gold-alkane-gold single-molecule junctions
studied using ab-initio and molecular dynamics approaches,
arXiv:1910.02443.

[20] D. Martinez Gutierrez, A. Di Pierro, A. Pecchia, L. M.
Sandonas, R. Gutierrez, M. Bernal, B. Mortazavi, G. Cuniberti,
G. Saracco, and A. Fina, Thermal bridging of graphene
nanosheets via covalent molecular junctions: A non-equilibrium
Green’s functions-density functional tight-binding study,
Nano Res. 12, 791 (2019).

[21] J. S. Wang, J. Wang, and J. T. Lü, Quantum thermal transport in
nanostructures, Eur. Phys. J. B 62, 381 (2008).

[22] H. Dammak, Y. Chalopin, M. Laroche, M. Hayoun, and J. J.
Greffet, Quantum Thermal Bath for Molecular Dynamics Sim-
ulation, Phys. Rev. Lett. 103, 190601 (2009).

[23] M. Ceriotti, G. Bussi, and M. Parrinello, Nuclear Quantum
Effects in Solids Using a Colored-Noise Thermostat, Phys. Rev.
Lett. 103, 030603 (2009).

[24] J. L. Barrat and D. Rodney, Portable implementation of a quan-
tum thermal bath for molecular dynamics simulations, J. Stat.
Phys. 144, 679 (2011).

[25] J.-T. Lü, M. Brandbyge, P. Hedegård, T. N. Todorov, and D.
Dundas, Current-induced atomic dynamics, instabilities, and
Raman signals: Quasiclassical Langevin equation approach,
Phys. Rev. B 85, 245444 (2012).

[26] L. Stella, C. D. Lorenz, and L. Kantorovich, Generalized
Langevin equation: An efficient approach to nonequilibrium
molecular dynamics of open systems, Phys. Rev. B 89, 134303
(2014).

[27] H. Ness, L. Stella, C. D. Lorenz, and L. Kantorovich, Applica-
tions of the generalized Langevin equation: Towards a realistic
description of the baths, Phys. Rev. B 91, 014301 (2015).

[28] H. Ness, A. Genina, L. Stella, C. D. Lorenz, and L. Kantorovich,
Nonequilibrium processes from generalized Langevin equa-
tions: Realistic nanoscale systems connected to two thermal
baths, Phys. Rev. B 93, 174303 (2016).

[29] Y. Shen and E. J. Reed, Quantum nuclear effects in stishovite
crystallization in shock-compressed fused silica, J. Phys. Chem.
C 120, 17759 (2016).

[30] L. Kantorovich, H. Ness, L. Stella, and C. D. Lorenz, c-number
quantum generalized Langevin equation for an open system,
Phys. Rev. B 94, 184305 (2016).

[31] P. Carpio-Martínez and G. Hanna, Quantum bath effects on
nonequilibrium heat transport in model molecular junctions,
J. Chem. Phys. 154, 094108 (2021).

[32] L. Kantorovich, Generalized Langevin equation for solids. I.
Rigorous derivation and main properties, Phys. Rev. B 78,
094304 (2008).

[33] L. Kantorovich and N. Rompotis, Generalized Langevin
equation for solids. II. Stochastic boundary conditions for
nonequilibrium molecular dynamics simulations, Phys. Rev. B
78, 094305 (2008).

[34] J. T. Lü, B. Z. Hu, P. Hedegård, and M. Brandbyge, Semi-
classical generalized Langevin equation for equilibrium and
nonequilibrium molecular dynamics simulation, Prog. Surf. Sci.
94, 21 (2019).

[35] R. Moghaddasi Fereidani and D. Segal, Phononic heat transport
in molecular junctions: Quantum effects and vibrational mis-
match, J. Chem. Phys. 150, 024105 (2019).

[36] J.-T. Lü, S. Leitherer, N. R. Papior, and M. Brandbyge,
Ab initio current-induced molecular dynamics, Phys. Rev. B
101, 201406(R) (2020).

[37] J. R. Neighbours and G. A. Alers, Elastic constants of silver and
gold, Phys. Rev. 111, 707 (1958).

[38] A. Balerna and S. Mobilio, Dynamic properties and Debye
temperatures of bulk Au and Au clusters studied using extended
x-ray-absorption fine-structure spectroscopy, Phys. Rev. B 34,
2293 (1986).

[39] T. Tohei, A. Kuwabara, F. Oba, and I. Tanaka, Debye tempera-
ture and stiffness of carbon and boron nitride polymorphs from
first principles calculations, Phys. Rev. B 73, 064304 (2006).

[40] V. K. Tewary and B. Yang, Singular behavior of the Debye-
Waller factor of graphene, Phys. Rev. B 79, 125416 (2009).

[41] A. Stukowski, Visualization and analysis of atomistic sim-
ulation data with OVITO—the Open Visualization Tool,
Model. Simul. Mater. Sci. Eng. 18, 015012 (2010).

[42] S. Plimpton, Fast parallel algorithms for short-range molecular
dynamics, J. Comput. Phys. 117, 1 (1995).

245413-6

https://doi.org/10.1039/c2cp40636e
https://doi.org/10.1103/RevModPhys.83.131
https://doi.org/10.1038/s41586-019-1420-z
https://doi.org/10.1063/1.4976982
https://doi.org/10.1126/science.aam6622
https://doi.org/10.1038/nnano.2016.302
https://doi.org/10.1021/acs.nanolett.9b02089
https://doi.org/10.1063/1.5086483
https://doi.org/10.1146/annurev-physchem-040215-112103
https://doi.org/10.1063/1.1603211
https://doi.org/10.1021/acs.jpcc.5b07429
https://doi.org/10.1103/PhysRevB.94.205425
https://doi.org/10.1103/PhysRevLett.99.160601
https://doi.org/10.1103/PhysRevB.78.235436
http://arxiv.org/abs/arXiv:1910.02443
https://doi.org/10.1007/s12274-019-2290-2
https://doi.org/10.1140/epjb/e2008-00195-8
https://doi.org/10.1103/PhysRevLett.103.190601
https://doi.org/10.1103/PhysRevLett.103.030603
https://doi.org/10.1007/s10955-011-0193-z
https://doi.org/10.1103/PhysRevB.85.245444
https://doi.org/10.1103/PhysRevB.89.134303
https://doi.org/10.1103/PhysRevB.91.014301
https://doi.org/10.1103/PhysRevB.93.174303
https://doi.org/10.1021/acs.jpcc.6b05083
https://doi.org/10.1103/PhysRevB.94.184305
https://doi.org/10.1063/5.0040752
https://doi.org/10.1103/PhysRevB.78.094304
https://doi.org/10.1103/PhysRevB.78.094305
https://doi.org/10.1016/j.progsurf.2018.07.002
https://doi.org/10.1063/1.5075620
https://doi.org/10.1103/PhysRevB.101.201406
https://doi.org/10.1103/PhysRev.111.707
https://doi.org/10.1103/PhysRevB.34.2293
https://doi.org/10.1103/PhysRevB.73.064304
https://doi.org/10.1103/PhysRevB.79.125416
https://doi.org/10.1088/0965-0393/18/1/015012
https://doi.org/10.1006/jcph.1995.1039


TEMPERATURE-DEPENDENT THERMAL TRANSPORT OF … PHYSICAL REVIEW B 104, 245413 (2021)

[43] D. W. Brenner, O. A. Shenderova, J. A. Harrison, S. J. Stuart,
B. Ni, and S. B. Sinnott, A second-generation reactive empirical
bond order (REBO) potential energy expression for hydrocar-
bons, J. Phys.: Condens. Matter 14, 783 (2002).

[44] T. P. Senftle, S. Hong, M. M. Islam, S. B. Kylasa, Y. Zheng,
Y. K. Shin, C. Junkermeier, R. Engel-Herbert, M. J. Janik, H. M.
Aktulga, T. Verstraelen, A. Grama, and A. C. T. van Duin, The
ReaxFF reactive force-field: Development, applications and fu-
ture directions, npj Comput. Mater. 2, 15011 (2016).

[45] T. T. JaÌrvi, A. C. T. van Duin, K. Nordlund, and W. A. Goddard,
Development of interatomic ReaxFF potentials for Au-S-C-H
systems, J. Phys. Chem. A 115, 10315 (2011).

[46] H. M. Aktulga, J. C. Fogarty, S. A. Pandit, and A. Y. Grama,
Parallel reactive molecular dynamics: Numerical methods and
algorithmic techniques, Parallel Comput. 38, 245 (2012).

[47] G. T. Bae and C. M. Aikens, Improved ReaxFF force field pa-
rameters for Au-S-C-H systems, J. Phys. Chem. A 117, 10438
(2013).

[48] M. Noshin, A. I. Khan, I. A. Navid, H. M. Uddin, and S.
Subrina, Impact of vacancies on the thermal conductivity of
graphene nanoribbons: A molecular dynamics simulation study,
AIP Adv. 7, 015112 (2017).

[49] A. Di Pierro, G. Saracco, and A. Fina, Molecular junctions
for thermal transport between graphene nanoribbons: Covalent
bonding vs. interdigitated chains, Comput. Mater. Sci. 142, 255
(2018).

[50] C. Diao, Z. Yang, Y. Dong, and Y. Duan, Ballistic-diffusive
phonon transport and thermal rectification across single-
molecule junctions, Int. J. Heat Mass Transfer 157, 119851
(2020).

[51] We have shared the structure of the molecular junctions and one
typical MD trajectory at https://github.com/sclmd/structures-
trajectories. Other data related to this work is available upon
request.

[52] Q. Li, M. Strange, I. Duchemin, D. Donadio, and G. C.
Solomon, A strategy to suppress phonon transport in molecular
junctions using π -stacked systems, J. Phys. Chem. C 121, 7175
(2017).

[53] J. C. Klöckner, J. C. Cuevas, and F. Pauly, Tuning the thermal
conductance of molecular junctions with interference effects,
Phys. Rev. B 96, 245419 (2017).

[54] H. Sevinçli, S. Roche, G. Cuniberti, M. Brandbyge, R.
Gutierrez, and L. Medrano Sandonas, Green function, quasi-
classical Langevin and Kubo–Greenwood methods in quantum
thermal transport, J. Phys.: Condens. Matter 31, 273003
(2019).

[55] D. Dundas, E. J. McEniry, and T. N. Todorov, Current-driven
atomic waterwheels, Nat. Nanotechnol. 4, 99 (2009).

[56] J.-T. Lü, M. Brandbyge, and P. Hedegård, Blowing the fuse:
Berry’s phase and runaway vibrations in molecular conductors,
Nano Lett. 10, 1657 (2010).

[57] J.-T. Lü, R. B. Christensen, J.-S. Wang, P. Hedegård, and M.
Brandbyge, Current-Induced Forces and Hot Spots in Biased
Nanojunctions, Phys. Rev. Lett. 114, 096801 (2015).

[58] C. Jia, A. Migliore, N. Xin, S. Huang, J. Wang, Q. Yang, S.
Wang, H. Chen, D. Wang, B. Feng, Z. Liu, G. Zhang, D.-H.
Qu, H. Tian, M. A. Ratner, H. Q. Xu, A. Nitzan, and X.
Guo, Covalently bonded single-molecule junctions with stable
and reversible photoswitched conductivity, Science 352, 1443
(2016).

245413-7

https://doi.org/10.1088/0953-8984/14/4/312
https://doi.org/10.1038/npjcompumats.2015.11
https://doi.org/10.1021/jp201496x
https://doi.org/10.1016/j.parco.2011.08.005
https://doi.org/10.1021/jp405992m
https://doi.org/10.1063/1.4974996
https://doi.org/10.1016/j.commatsci.2017.10.019
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119851
https://github.com/sclmd/structures-trajectories
https://doi.org/10.1021/acs.jpcc.7b02005
https://doi.org/10.1103/PhysRevB.96.245419
https://doi.org/10.1088/1361-648X/ab119a
https://doi.org/10.1038/nnano.2008.411
https://doi.org/10.1021/nl904233u
https://doi.org/10.1103/PhysRevLett.114.096801
https://doi.org/10.1126/science.aaf6298

