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Efficient mechanical modulation of the phonon
thermal conductivity of Mo6S6 nanowires†
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Xiaoliang Zeng, c Zhisen Zhang, a Nuo Yang *b and Jianyang Wu *a,d

Mo6S6 nanowires are emerging as key building blocks for flexible devices and are competitive with carbon

nanotubes due to easier separation and functionalization. Here, it is reported the phonon thermal con-

ductivity (κ) of Mo6S6 nanowires via molecular dynamics simulations. It shows a large tunability of low-fre-

quency phonon thermal conductivity (κlf )Amax from 27.2–191 W (m K)−1, an increase of around 702% via

mechanical strain. Below critical tension/torsion strain, their phonon thermal conductivity monotonically

reduces/enlarges; whereas above this value, an inverse trend is identified. On the other hand, Mo6S6
nanowires show unusual auxetic behavior. The transitions involved in phonon thermal conductivity are

molecularly illustrated by a strain-induced crossover in bond configurations and are explained based on a

competition mechanism between phonon scattering and group velocity. This study provides insights into

the thermal transport and auxetic properties of low-dimensional structures and the thermal management

of Mo6S6 nanowire-based systems.

1 Introduction

Chalcogenides of molybdenum are able to form intriguing
stable two- and one-dimensional (2D and 1D) structures with
unique chemical, electronic and mechanical properties that
are not identified in their three-dimensional (3D) bulk
counterparts.1–5 Monolayered molybdenum disulfide (MoS2)
and MoS2 nanotubes (NTs) are nanomaterials representative of
2D and 1D molybdenum chalcogenide structures, respectively.
The 1D hollow fullerene-like MoS2 NTs, similar to carbon
nanotubes (CNTs),6,7 are structurally constructed by the wrap-
ping of MoS2 monolayer sheets.8

Recently, a new 1D Mo6S6 nanowire (NW), which was phys-
ically achievable from MoS2 sheets, has been experimentally
produced in bulk quantities from van der Waals (vdW) bonded

bundles of parallel NWs in lab settings,3,9,10 in sharp contrast
to CNTs. To date, there have been pioneering investigations
revealing the unique electronic, transport and mechanical pro-
perties as well as the well-defined structural behaviors of
Mo6S6 NWs.3,11–15 For example, it was revealed from both
experimental and theoretical studies that Mo6S6 NWs show
uniaxial metallic characteristics3,9,11,16 resulting from the
strong hybridization between the Mo d-orbitals and S p-orbi-
tals.10 Furthermore, the structural behaviors and the electronic
and transport properties of Mo6S6 NWs are tunable by twisting
and/or defect engineering rather than bending strain engineer-
ing. Intriguingly, a metal-to-semiconductor transition is
induced as the NW is critically twisted.11,16,17 The mechanical
stiffness of the Mo6S6 NW is represented by its elastic modulus
of around 320 GPa,18 which makes it more mechanically
robust than NWs of other transition metal dichalcogenides,
including Mo6Se6 and Mo6Te6 NWs as well as steel.16,19,20

As a result of its unique properties and easy availability, iso-
lated Mo6S6 NWs are emerging as important building blocks
for the fabrication of robust flexible nanoscale electronics, and
are competitive with CNTs. However, it is well-known that the
issues of efficient heat dissipation and the thermal manage-
ment of flexible electronic devices remain unresolved.21,22

Thus, a fundamental understanding of thermal transport be-
havior in isolated Mo6S6 NWs is highly desirable in order to
advance their practical applications in making flexible nano-
devices with, for example, improved performance and
extended lifetime. To date, unlike CNTs,23–25 the thermal
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transport characteristics of Mo6S6 NWs are still unknown,
let alone the thermal responses to deformation that inevitably
occur when used as components of nanodevice systems.

This work reports the phonon thermal conductivity (κ), and
low-frequency phonon thermal conductivity (κlf )Amax of
mechanically-deformed Mo6S6 NW via non-equilibrium mole-
cular dynamic (NEMD) simulations. Crossover was identified
in phonon thermal conductivity as well as the low-frequency
phonon thermal conductivity and Poisson’s ratio of Mo6S6
NWs as it is critically axially elongated, leading to an axial
strain-induced transition in the auxetic property. Then, the
crossover in its phonon thermal conductivity could be critically
attributed to the competition mechanism between phonon
scattering and group velocity. Finally, it is explained that tran-
sitions of the low-frequency phonon thermal conductivity and
Poisson’s ratio originate from its unique molecular structure.

2 Models and methods

Fig. 1a–f present the atomic structure of the Mo6S6 NW with
finite axial length when viewed from different angles, and the
Mo and S atoms are blue- and yellow-colored, respectively. As
shown in Fig. 1a, c and d, one crystalline unit cell of a free-
standing Mo6S6 NW is structurally dominated by a backbone
skeleton composed of Mo6 octahedra that are dressed with six
sulfur (S) anions each on the surface.10 From the molecular
point of view, as shown in Fig. 1b, the unit cell of the NW is
composed of two staggered atomic triangles, each of them con-
taining three Mo and three S atoms. Within each triangle, the
S-atoms are located at the corners, and one Mo atom is situ-
ated between each S pair. The six Mo atoms in the staggered
atomic triangles structurally form an octahedron. Fig. 1c and d
show two side-view snapshots of a non-strained Mo6S6 NW,
while Fig. 1e and f display the perspective snapshots of the
twist-free and twisted Mo6S6 NWs with finite axial length,
respectively (see Fig. S1† for the detailed structure under tor-
sional strain).

All MD simulations were implemented using the open-
source code Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) package26,27 with ReaxFF forcefield.
ReaxFF is a popular forcefield used to predict the properties of
a variety of material systems.28–31 For the Mo6S6 NW system,
the version of ReaxFF potential developed by Ostadhossein
et al. was employed for describing the atomic interactions.32

This version of ReaxFF potential has been successfully applied
to predict the thermal properties of MoS2-based and molyb-
denum sulfide nanostructures.32–34 On the other hand, the
widely used forcefields Mo–S type REBO35 and SW36 were
tested, whereas they were not able to structurally stabilize the
Mo6S6 NW at a finite temperature of 300 K, let alone predict
the thermal conductivity. Moreover, a small timestep of 0.2 fs
was adopted to ensure energy conservation within the ReaxFF
forcefield in the NEMD simulations. By directly collecting the
heat flow of the heat source and the heat sink, the statistical
errors related to heat flow in the MD calculations with multi-
body potential were eliminated. A Mo6S6 NW with approxi-
mately 230 nm axial length was constructed by replicating its
unit cell. Then, the relaxed Mo6S6 NW was mechanically
deformed to examine the strain effect on thermal conduction.

To achieve the deformed Mo6S6 NW, the relaxed Mo6S6 NW
was uniformly elongated/twisted over the wire axial length at
different strains. The NEMD approach was adopted to calcu-
late the phonon thermal conductivity of the non-strained and
strained Mo6S6 NWs, as shown in Table S2 and Fig. S2.† To
introduce a stable heat flow along the axial direction, the heat
source and heat sink are imposed at the ends of the Mo6S6
NW. Then, a temperature gradient ΔT was established by gen-
erating a nonequilibrium heat flux Q, and κ was calculated
according to the Fourier law, as follows:

κ ¼ Q
ΔTj j ð1Þ

where Q is generated by coupling the source region of the
system with a high temperature of 315 K and the sink region at
a low temperature of 285 K to a thermostat, with the tempera-

Fig. 1 Atomic structure and low-frequency phonon thermal conductivity (κlf ) of an isolated Mo6S6 nanowire. (a)–(e) Atomic models of a defor-
mation-free isolated Mo6S6 nanowire. (f ) Perspective of a representative twisted Mo6S6 nanowire, in which the specific torsional strain (τ) equals
11.5° nm−1. For clarification, Mo and S atoms are rendered in blue and yellow, respectively. (g) and (h) Variation in the κlf of the Mo6S6 nanowire with
tensile and torsional strain, respectively.
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tures of both regions controlled by the Nosé–Hoover chain
method. The heat flux Q was calculated from the energy trans-
fer rate dE/dt between the source/sink region and the
thermostat:

Q ¼ dE=dt
S

ð2Þ

where S is the cross-sectional area perpendicular to the trans-
port direction. Here, the diameter of the Mo6S6 NW was
chosen as 0.6 nm.37

The spectral thermal conductivity in this paper was solved
by setting an imaginary cross-section. The spectral heat
current between the atoms i and j at both ends of the imagin-
ary cross-section can be expressed as:15

qi!jðωÞ � � 2
tsimuω

X
α;β[fx;y;zg

Im v̂αi ðωÞ � Kαβ
ij v̂

β
j ðωÞ

D E

where tsimu and ω are the simulation time and frequency,
respectively. The velocities v̂αi ðωÞ and v̂βj ðωÞ are the Fourier
transform of the atomic velocity of atom i in the α direction
and that of atom j in the β direction, respectively. Kαβ

ij is the
force constant matrix. The heat current across any interface
separating disjoint atom sets (Gl and Gr) was obtained by
summing over atoms in each set:

qðωÞ ¼
X
i[Gl

X
j[Gr

qi!jðωÞ

Furthermore, the spectral decomposition thermal conduc-
tivity was calculated as follows:

κðωÞ ¼ qðωÞ
AΔT

By using the spectral decomposition thermal conductivity,
the thermal conductivity in any frequency region can be deter-
mined. Generally, the thermal conductivity of low-dimensional
materials is mainly contributed by the acoustic branch of the
phonon.38 As a result, the thermal conductivity of the Mo6S6
NW in the low-phonon-frequency region is primarily discussed
in this study.

The tensile strain and torsional strain are defined as ε = (L
– L0)/L0 and τ = dθ/dL, respectively, where L0 and L are the axial
lengths of the original and deformed nanowires, respectively,
and θ is the torsion angle. Poisson’s ratio (μ) is defined by the
negative of the ratio of the contraction strain (transverse,
lateral or radial strain, εt) to the loading strain (or axial strain,
εl), expressed by the formula μ = −εt/εl.

The vibrational density of state (vDOS), g(ω), was calculated
from the Fourier transform of the atomic velocity auto-corre-
lation functions (VACFs) G(t ), which is expressed as:

GðtÞ ¼ viðτÞ � viðτ þ tÞh ii;τ

¼ 1
N

XN
i¼1

1
tint � t

ðtint�t

0
viðτÞ � viðτ þ tÞdτ ð3Þ

where tint is the time of integration, N is the total number of
atoms in the ensemble, vi is the velocity vector of the ith atom,

and 〈〉 stands for the ensemble average. Based on the VACFs,
g(ω) can be computed as:

gðωÞ ¼
ðtint
0

GðtÞ�iωtdt

¼
ðtint
0

viðτÞ � viðτ þ tÞh ii;τe�iωtdt
ð4Þ

The SED function Φ(k,ω) is expressed as:

Φðk;ωÞ ¼ 1
4πtintNT

X
α

XB
b

mbj
ðtint
0

XNT

ni

vαðni; b; tÞ

� exp ik � rðniÞ � iωt½ �dtj2
ð5Þ

where NT is the total number of unit cells, B is the number of
atoms per unit cell (B = 12 for the unit cell chosen for tensile
strain system), and vα(ni,b,t ) is the velocity of atom b (with
mass mb) inside the unit cell ni in the α direction.

3 Results and discussion

As shown in Fig. S3a,† it is found that the phonon spectrogram
of the Mo6S6 NW in the acoustic branch phonon region pre-
dicted by ReaxFF-based MD calculations is in good agreement
with that obtained by density functional theory (DFT) calcu-
lations. Moreover, the κlf of the Mo6S6 NW subjected to zero
strain was largely contributed by the low-frequency region.
Such a case was also observed when the Mo6S6 NW was
stretched and twisted, as shown in Fig. S3b and c.† Therefore,
the dependence of κlf on mechanical strain is mainly dictated
by the low-frequency contributions. Besides, the low frequency
means the frequency (ω) is smaller than max value of the
acoustic branch (ωA

max), where ωA
max ≈ 10 THz, and ωA

max ≈ 20
THz when ε ≥ 0.03. The value of κlf of the Mo6S6 NW was calcu-
lated from the spectral decomposition thermal conductivity, as
shown in Fig. S3b and c.† There is a minor contribution from
the low-frequency optical branch to the κlf. Besides, the
optical branches predicted by ReaxFF has a large difference
from the DFT. Gennerally, the contribution from the high-fre-
quency optical branch phonons to the thermal conductivity
could be neglected, due to its low group velocity. As such, the
κlf of the Mo6S6 NW is discussed in this work if not specified
otherwise, while the values of κ (at all frequencies) is shown in
Fig. S4.† Therefore, the κlf of the Mo6S6 NW calculated by the
ReaxFF-based MD calculations is reliable. More information
can be found in section 3.2 of ESI.†

The main results of κlf are shown in Fig. 1g and h, which
show the variations in the κlf of the Mo6S6 NW with axial
tension strain and specific torsional angle, respectively. In
addition, the κ of the Mo6S6 NW with axial tension strain and
specific torsional angle is displayed in Fig. S4.† Obviously, the
κlf of the Mo6S6 NW was finely tuned by both axial tension
strain and torsional strain. At zero strain, the Mo6S6 NW
showed a κlf of around 62.2 W (m K)−1, which is higher/lower
than those of its low-dimensional counterparts MoS2 NTs39/
MoS2 monolayers, respectively.40 Under axial elongation, the
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Mo6S6 NW showed a clear reduction in κlf by around 32% as
the axial tension strain varied from 0–0.015. Such tension-
strain-driven degradation in κlf has been also identified in low-
dimensional structures, such as MoS2 NTs39 and MoS2 mono-
layer sheets,41,42 graphene and CNTs.43 When the axial tension
strain is over 0.015, however, the Mo6S6 NW inversely exhibits
an improvement in κ by about 451% at an axial tension strain
of 0.04, which is greater than the modulation of thermal con-
ductivity achieved by the pinching effect,44,45 folding
effect,46,47 resonance hybridization effect,48–51 light-respon-
sive52 and electric field.53,54 This phenomenon of monotonic
enhancement in κlf caused by the tensile strain also occurs in
1D black phosphorus NT55 and 2D single-layer phosphorene.56

More notably, such tension-strain-induced crossover in the κlf
of the Mo6S6 NW has not been reported in other 1D structures.

When subjected to twisting, an inverse crossover in the κlf
of the Mo6S6 NW was intriguingly identified, as shown in
Fig. 1h. When the specific torsional angle was enlarged from 0
to 42.4° nm−1, the κlf of the Mo6S6 NW monotonically
increased by around 3.3%. Such twist-induced monotonic
enhancement in κlf has been reported in multi-chain graphene
NT,43 polyethylene57 and graphene nanoribbons.58,59 Once the
specific torsional angle exceeded 42.4° nm−1, however, there
was a pronounced reduction in κ by 58% at a specific torsional
angle of around 75.2° nm−1. In a nutshell, in comparison with
other 1D materials,39,57,60–62 Mo6S6 NW showed more effective
tunability and crossover of κlf via tension/torsional strain
engineering.

On the other hand, it is well known that the size effect
influences the κ (at all frequencies) of low-dimensional
materials. As a result, the size effect on the κ of the Mo6S6 NW
is also examined. Fig. S5a† shows the variation in the κ of the
Mo6S6 NW with axial length. It revealed that the thermal con-

ductivity of the Mo6S6 NW followed κ ∝ Lβ and here β = 0.31.
This suggests that the κ of the Mo6S6 NW follows the one-
dimensional (1D) nonlinear lattice model. The results are in
good agreement with the previous prediction on 1D nano-
structures that the κ of 1D materials is length-dependent.63,64

In this study, Mo6S6 NWs with a fixed finite axial length of
230 nm were generated to reveal the role of the tension and
torsion strains on κ and κlf. More information can be found in
section 2.4 of ESI.†

In one-dimensional materials, phonon transport is largely
limited by boundary scattering due to the classical size
effect,48,65 but it can be significantly enhanced by the hydro-
dynamic phonon flow when the normal (N) process was much
larger than the Umklapp (U) process.66 As a result, the three-
phonon scattering rates of the Mo6S6 nanowire subjected to
zero strain were calculated, as shown in Fig. S5b.† As indi-
cated, the normal process was found to be around 2 orders of
magnitude stronger than the Umklapp process in the low-fre-
quency range (<1 THz), thereby explaining that the extremely
high κlf of the Mo6S6 nanowire might partially be caused by
the hydrodynamic effects.66,67

To provide physical insights into the deformation-induced
crossover in κlf, the vibrational density of states (vDOS) of the
molecular structures in the wire-axial direction were calcu-
lated. Fig. 2a and b plot the vDOS (ω < ωA

max) spectra of the
Mo6S6 NW subjected to different axial tensile strains and
specific torsional angles, respectively, while the full-frequency
vDOS spectra of the Mo6S6 NW is shown in Fig. S4b.† As
shown in Fig. 2a, when axial tension strain is increased from 0
to 0.015, insignificant changes were identified in the low-fre-
quency phonon modes. The frequencies of the phonon modes
were red-shifted,59,68 but there was no noticeable change in
the shape of the vDOS spectra, indicative of a decrease in the

Fig. 2 (a) and (b) Vibrational density of states in isolated Mo6S6 nanowires subjected to different tensile (ε) and torsional (τ) strains, respectively, at a
frequency ω < ωA

max. (c) and (d) Vectors of atomic heat flux in Mo6S6 nanowires subjected to four different tensile and torsional strains.
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velocity of the phonon group. On the basis of κ = Cv2τ/3, a
decrease in the velocity of the phonon group causes a
reduction in κ. When the axial tension strain was above 0.015,
dramatic changes were observed in the distribution and shape
of the vDOS spectra.

During twisting deformation, when the specific torsional
angle was less than 42.4° nm−1, there was no remarkable
change in the shape of the vDOS spectra, explaining the insig-
nificant change in the κlf of the Mo6S6 NW subjected to small
torsional strains. When the specific torsional angle applied
was over 42.4° nm−1, however, the phonon modes shifted to a
lower frequency region, resulting in a decrease in the velocity
of the phonon group. In addition, it was found that a number
of sharp peaks of vDOS were flattened or even disappeared
under large torsional strain, for example, under twisting at
75.2° nm−1, leading to increased phonon scattering. It can be
summarized that a combination of those two aspects causes
the reduction in the κlf of the Mo6S6 NW under torsional
strains over 42.4° nm−1.

Moreover, on examining the microscopic heat flux diagrams
of the Mo6S6 NW, as shown in Fig. 2c and d, it was evident
that there were significant differences in the contributions of
distinct atoms to heat flow along the NW at different strains.
Apparently, much more axial heat flux was carried through the
Mo atoms, which are the skeleton of NW, than through the
surface S atoms. This clearly indicates the greater contribution
of Mo atoms to the global axial κlf than the S atoms.

To reveal the effect of strain on the phonon properties in
detail, the spectral energy density (SED) of the Mo6S6 NW is
computed under different strains, which has been widely used
to understand the thermal properties of low-dimensional
materials.69–71 Fig. 3a shows the SED spectrum (ω < ωA

max) of

the Mo6S6 NWs at critical axial tension strains of 0, 0.015 and
0.04, while the full-frequency SED spectrum is shown in
Fig. S6.† The blue dashed lines are the acoustic phonon dis-
persion relation curves of the Mo6S6 NW at zero strain
obtained from the DFT calculations. It could be observed that
the blue dashed lines were in good agreement with the SED
curves based on the MD calculations, confirming the reliability
of the SED results. As the axial tension strain was increased
from 0 to 0.015, the shape of the dispersion curves slightly
changed, with the phonon branches moving towards the
lower-frequency region, resulting in a slight decrease in the vel-
ocity of the phonon group (ω < ωA

max), as shown in Fig. 3c.
Moreover, an apparent broadening in the dispersion curves
was observed with increasing axial tension strain, indicating
the enhancement of phonon scattering and shortening of the
phonon lifetime. Tension-induced changes in phonon pro-
perties have also been identified in other low-dimensional
materials, such as penta-SiN2.

72 This clearly explains the
reduction of κlf with the axial tension strain increasing from 0
to 0.015. When the axial tension strain was increased to 0.04,
however, dramatic changes in the SED curves could be
observed. Moreover, the low-frequency phonon branches, par-
ticularly the LA branch, became much steeper, thereby result-
ing in higher phonon group velocities in the Mo6S6 NW under
the axial tension strain of 0.04 than that at zero strain, as
shown in Fig. 3c. The phenomenon of strain-induced increase
in the acoustic frequency has also been reported in black
phosphorus55,73 and monolayer silicene.59 This explains the
high κlf of the Mo6S6 NW under large axial tension strains. As
revealed, the axial-tension-strain-induced crossover in κlf can
be attributed to the changes in two factors, namely phonon
scattering and phonon group velocity. Phonon scattering
becomes pronounced with increasing axial tension strain. The
phonon group velocities decrease under small tensile strains,
thereby suppressing heat transport. However, under large
tensile strains, a dramatic increase in group velocities signifi-
cantly promotes heat transport, which wipes away the influ-
ence of phonon scattering.

Fig. 3b shows the SED spectrum (ω < ωA
max) of the Mo6S6

NW under the critical specific torsional angles of 21.0, 42.4
and 64.2° nm−1. The dense dispersion curves are due to the
long periodic length and more atoms in the minimum rep-
etition unit of the Mo6S6 NW considered for achieving uniform
twisting deformations. As the specific torsional angle was
enlarged from 21.0 to 42.4° nm−1, there were relatively small
differences in the dispersion curves, and the calculated
phonon group velocities of the acoustic phonons were slightly
higher under 42.4° nm−1. This explains the relatively slight
increase in the κlf of the Mo6S6 NW under small torsional
deformations. As the specific torsional angle is increased to
64.2° nm−1, however, an obvious decrease in the phonon
group velocities can be observed, as shown in Fig. 3d, as well
as a broadening effect (Fig. S6†), which corresponds to the
changing trend of vDOS seen in Fig. 4. Therefore, a combi-
nation of the increase in phonon scattering and a decrease in
phonon group velocities are responsible for the reduction in

Fig. 3 (a) and (c) Phonon dispersion relationship in isolated Mo6S6
nanowires subjected to three different critical tensile (ε) and torsional (τ)
strains, respectively. (b) and (d) Phonon group velocity as a function of
frequency in isolated Mo6S6 nanowires under three critical tensile and
torsional strains, respectively. ω < ωA

max.
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the κlf of the Mo6S6 NW subjected to large torsional
deformations.

Such intriguing transitions in the κlf of the Mo6S6 NW
could be molecularly explained based on the deformation-
induced changes in its bond configurations, such as bond dis-
tances and bond angles. Fig. 4a and b show the average bond
distances of the two critically oriented Mo–S bonds that make
an angle of either 0° or 90° to the axial direction of the Mo6S6
NW as a function of the axial tension and torsional strain,
respectively. The distribution of the bond distances is pre-
sented in Fig. S7.† During axial elongation, the two oriented
Mo–S bonds present distinct changes in their average bond
distances. The Mo–S bonds that make 0° to the wire axial
direction were monotonically elongated with increasing axial
tension strain, and the bond elongation became more pro-
nounced with the augmentation of axial tension strain.
However, there is a crossover in the bond distance of the Mo–S
bonds at 90° to the wire axial direction at an axial tension
strain of 0.025, below which these Mo–S bonds are monotoni-
cally stretched, and bond stretching becomes less pronounced
with increasing axial tension strain. However, above this value,

they are monotonically compressed and bond compression
becomes more pronounced with increase in axial tension
strain. It must be noted that, remarkably, the elongation of the
Mo–S bonds with the orientation angle of 90° to the wire axial
direction suggests auxetic behavior in the lateral cross-section
of the Mo6S6 NW.

Under uniform twisting operation, there were also signifi-
cant changes in the bond distances of both the critically
oriented Mo–S bonds. Interestingly, both oriented Mo–S bonds
showed similar crossovers for the change in bond distances at
the critical specific torsional angle of around 42.4° nm−1. At
angles below this, both oriented Mo–S bonds are monotoni-
cally contracted and the bond contraction becomes less pro-
nounced with increasing torsional strain, whereas at higher
angles, they are elongated and bond elongation is more pro-
nounced with the augmentation of torsional strain.
Remarkably, this “flipped” behavior in the change of bond dis-
tance differs from that of the NW subjected to axial tension.
Fig. 4c–g present the structural information of the bond angles
in the Mo6S6 NWs at different deformation levels. There were
around six distinct bond angles in the Mo6S6 NW at zero

Fig. 4 Characteristics of bond configuration in mechanically deformed Mo6S6 nanowires. (a) and (b) Average bond length (Lbond) of Mo–S as a func-
tion of tensile (ε) and torsional (τ) strain, respectively. Here, two critical oriented Mo–S bonds that make angles of 0° and 90° with the wire axial
direction are considered for the investigation of bond lengths, termed as axial and lateral, respectively. (c) Schematic diagrams of the 12 distinct
bond angles in the Mo6S6 nanowires. Distribution profiles of Mo–S–Mo (d and f) and S–Mo–S (e and g) bond angles at different tensile (ε) and tor-
sional (τ) strains, respectively.
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strain, including 68.5°, 74.0°, 93.0°, 125°, 126° and 165°.
Under axial straining, the Mo6S6 NW shows small changes in
these bond angles, whereas, under twisting, it shows notable
bond angle changes. From the molecular structure point of
view, the unique transitional changes in the bond configur-
ations of the 1D Mo6S6 NW are the main source of the cross-
overs in its κlf and Poisson’s ratio trends. In addition, this
strain-induced crossover in the κlf values is very different from
the cases of other materials, such as amorphous silicon
dioxide thin films,74 bulk epoxy resins,75 polymers76 and
monolayer silicene,77 borophene,78 2D penta-structures,72 and
single-layer phosphorene.79

To quantitatively show the auxetic property of the Mo6S6
NW, its Poisson ratio was calculated. As shown in Fig. 5a, the
Mo6S6 NW yielded an apparent negative Poisson’s ratio with a
minimum value of around −0.2 and presented a transition in
Poisson’s ratio at a strain of around 0.026 as a result of its
unique structural motif. As illustrated in the top and front
views of the Mo6S6 NW in Fig. 5b and d, respectively, both
inner Mo and outer S atoms showed displacement vectors
toward the outside of the nanowire when it was axially
stretched, resulting in a negative Poisson’s ratio. To date, nega-
tive Poisson’s ratios have been reported for 2D materials80–87

as well as artificially designed nanostructures;87–91 however,
1D materials with negative Poisson’s ratios have rarely been
observed.

4 Conclusions

In summary, the critical role of mechanical deformations on
the thermal transport properties of isolated Mo6S6 NW was
investigated by non-equilibrium molecular dynamics simu-

lations with the first-principles-based ReaxFF forcefield. The low-
frequency phonon thermal conductivity (κlf ) of the Mo6S6 NW
could be modulated mechanically from 42.3 to 191 W (m K)−1

or from 27.2 to 64.1 W (m K)−1 via tensile or torsional
strains, respectively. Interestingly, the κlf of the Mo6S6 NW exhi-
bits tensile/torsional strain-induced crossover as well as strain-
induced negative Poisson’s ratio. Under tension, the Mo6S6
NW shows κlf reduction tendency under tensile strains of
<0.015 but κlf increases with increasing tensile strain. However,
when subjected to twisting, the κlf is enhanced under torsional
strain of <42.4° nm−1, but is then reduced with further
increase in torsional strain. Under small tensile/torsional
deformations, there was a corresponding reduction/enlarge-
ment of the phonon group velocity, thereby reducing/enhan-
cing κ accordingly. On the other hand, there was also a cross-
over in the values negative Poisson’s ratio under tensile strain.
This study provides important insights into the thermal con-
duction properties of the low-dimensional molybdenum chal-
cogenide structures, which are of importance toward the
thermal management of the Mo6S6 NW-based devices and
their thermoelectric applications.
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1. Molecular Models of Deformed Mo6S6 Nanowire

Table S1 lists the detailed information of both stretched and twisted Mo6S6 nanowires. All the 

investigated atomic models of Mo6S6 nanowires are composed of identical number of atoms (6000). 

However, as a result of axial elongation and twisting deformation, they show different lattice constants 

in axial direction. Figure S1 shows the detailed structural information of Mo6S6 nanowires subjected 

to axial tension and torsional strain.

Table S1 Structural information of mechanically-deformed Mo6S6 nanowires

Stretched Nanowires No. 6000

Tensile Strain (m/m) 0.0 0.005 0.01 0.015 0.02 0.025 0.03 0.04

Axial Length C1 (Å) 4.60 4.63 4.65 4.67 4.69 4.72 4.74 4.79

Twisted Nanowires No. 6000

Torsional Strain (˚/nm) 0.0 10.5 21.0 31.7 42.4 53.3 64.2 75.2

Axial Length C1 (Å) 4.60 4.58 4.57 4.55 4.53 4.51 4.49 4.47

Figure S1 Schematic of Mo6S6 nanowire subjected to four different torsional strains (τ) that are 0.0, 

21.0, 42.4 and 64.2°/nm, respectively. For top schematic, the clockwise rotation is used to indicate the 



twisting angles of Mo6S6 nanowire. For bottom-viewed atomic models, the Mo and S atoms in Mo6S6 

nanowire are yellow- and blue-colored for clarification. 



2. Methodology

2.1 Settings of NEMD simulations

The detailed setting parameters of all NEMD simulations are listed in Table S2. ReaxFF potential is a 

powerful tool to study a wide range of systems1-4. On the other hand, the popular forcefields of Mo-S 

type REBO5 and SW6 are tested, While, both Mo-S type REBO5 and SW forcefields are not able to 

stabilize Mo6S6 nanowire. A small timestep of 0.2 fs is adopted to perform the NEMD. For Mo-S 

systems, ReaxFF forcefield was also adopted to study the thermal7, 8 and mechanical properties9, 10. 

The simulation procedure is summarized as follows. After minimization, the NPT ensemble is used to 

relax the Mo6S6 nanowire structure for 1 ns. Then, except for the thermostat regions, the rest of the 

system is simulated by NVE ensemble for 8 ns to reach the steady state. Finally, a longer simulation 

using NVE ensemble is performed for 2 ns to record and average the temperature and heat flux. Here, 

we use a more efficient NEMD method with fixed boundaries, as shown in Figure S2b.

Table S2. NEMD simulation details

Method Non-Equilibrium molecular dynamics
Parameters

Potential ReaxFF Time step 0.2 fs
Thermostat Langevin Temperature difference 30 K

Simulation process
Ensemble Setting Purpose

Boundary condition x, y, z: p, p, f
NVT

Runtime 1 ns
Relax structure

Boundary condition x, y, z: p, p, f
NVE

Runtime 8 ns
Reach steady state

Boundary condition x, y, z: p, p, f
NVE

Runtime 2 ns
Reach information

Recorded physical quantity
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2.2 NEMD method

Figure S2 (a) Steady-state temperature profile in the Mo6S6 system. (b) The axial direction of the tube 

is the z direction, and the heat flow (Q) transfer is imposed in this direction. (c) The energy of the 

source and sink thermostat as a function of the time in steady state.



3 The phonon thermal conductivity
3.1 Phonon transmission spectra and Accumulated thermal conductivity

Figure S3. (a) Phonon dispersion predicted by ReaxFF-based MD calculations and DFT calculations 

(ω<ωA
max, ωA

max=6 THz). (b) Phonon transmission spectra (κ(ω)) of Mo6S6 nanowire with frequency 

(ω) range at 0-60 THz. (c) Accumulated thermal conductivity (κA) of Mo6S6 nanowire with 

frequency (ω) range at 0-20 THz.

Here, the spectral thermal conductivity of Mo6S6 NW is calculated from the transmission 

coefficient, as shown in Figure S3(a). As is indicated, the thermal conductivity of Mo6S6 NW subjected 

to zero strain is largely contributed by the low-frequency region. Such case is also identified as Mo6S6 

NW is stretched and twisted, as shown in the Figure S3(b). Therefore, the dependence of the thermal 

conductivity on mechanical strains is dictated by low-frequency contributions.

To verify the accuracy of our ReaxFF-based MD results, the phonon spectrum is also predicted 

by density functional theory (DFT) calculations, as shown in the Figure S3(c). The black dashed lines 

are the phonon dispersion relation curves of Mo6S6 NW at zero strain obtained from a lattice dynamic 

program Phonopy11. The phonon dispersion with DFT calculations was extracted from VASP12 

(Vienna Ab initio Simulation Package), in which the PBE was used for the exchange-correlation 



functional, and self-consistent calculation was performed with a cutoff energy of 600 eV and a force 

convergence criterion of 10-7 eV/Å. By comparison, it is found that phonon spectrogram of Mo6S6 NW 

in the low-frequency region predicted by ReaxFF-based MD calculations are in good agreement with 

that by DFT calculations. Given that the thermal conductivity of Mo6S6 NW by ReaxFF-based MD 

simulations is largely contributed by the low-frequency region. Therefore, the thermal conductivity of 

Mo6S6 NW by ReaxFF-based MD calculations is reliable.

3.2 Phonon thermal conductivity and vDOS of full frequency.

Figure S4 (a) and (b) Variations in the phonon thermal conductivity (vDOS) of Mo6S6 nanowire with 

tensile (ε) and torsional (τ) strains, respectively. (c) and (d) vDOS of isolated Mo6S6 nanowire 

subjected to different tensile and torsional strains.

As shown in the Figures S3(c-d), the upper-bound frequency is increased, for example, it reaches 

about 65 THz at axial tension strain of 0.04. Such strain-induced transition change in the vDOS 

spectra explains the crossover of phonon thermal conductivity in Mo6S6 NW.

3.3 Size effect and three-phonon scattering



Figure S5. (a) Thermal conductivity (κ) for Mo6S6 nanowire at 300 K with different lengths (L) from 

the NEMD simulations. (b) Three-phonon scattering rates in Mo6S6 nanowires subjected to zero strain 

as a function of phonon frequency, including Normal and Umklapp processes.

It is well known that there is size effect on the thermal conductivity of low-dimensional materials. 

As shown in the Figure S5a, the size effect of thermal conductivity of Mo6S6 NW is also examined. 

Figure R4 shows the variation in the thermal conductivity of Mo6S6 NW with axial length. It is revealed 

that the thermal conductivity of Mo6S6 NW follows , and here  = 0.31. This suggests that the 𝜅 ∝ 𝐿𝛽 𝛽

thermal conductivity of Mo6S6 NW follows one-dimensional (1D) nonlinear lattice model. Our results 

are in good agreement with previous predictions of 1D nanostructure, namely, the thermal conductivity 

of 1D materials is length dependent13, 14. In our study, Mo6S6 NW with finite axial length of 200 nm is 

generated to reveal the role of tension and torsion strains on the thermal conductivity.

As shown in Figure S5b, we calculated the three-phonon scattering rates of the Mo6S6 NW. The 

three-phonon scattering rates is calculated by PHONO3PY15 and includes the Normal process and 

Umklapp process. The third-order interatomic force constants, with an atomic displacement of 0.03 Å, 



is calculated from the finite difference method. As is indicated, the normal (N) process is around two 

orders of magnitudes stronger than the Umklapp (U) process in low-frequency range (< 1 THz).

3.4 Phonon dispersion relationship

Figure S6 (a) and (b) Phonon dispersion relationship of isolated Mo6S6 nanowire subjected to three 

critical tensile (ε) and torsional (τ) strains, respectively. (c) and (d) Phonon group velocity (vg) as a 

function of frequency (ω) for isolated Mo6S6 nanowire under three critical tensile (ε) and torsional (τ) 

strains, respectively.

The blue dashed lines are the phonon dispersion relation curves of Mo6S6 NW at zero strain obtained 

from a lattice dynamic program Phononpy11. As shown in the Figure S4, the highest frequency is 

enlarged to about 65 THz, but at high frequency region, the SED curves are not able to distinguish, 

indicating severe phonon scattering. The high frequency phonons cover a wide frequency range, and 

the group velocity is tripled, thereby resulting in increase in the phonon thermal conductivity.



4. Bond length distribution

Figure S7 (a) and (c) Distribution of bond length of unique Mo-S bond that makes 0° and 90° angles 

to the axial direction of wire as the Mo6S6 nanowire is subjected to different tension strains (ε), 

respectively. (a) and (c) Distribution of bond length of unique Mo-S bond that makes 0° and 90° angles 

to the axial direction of wire as the Mo6S6 nanowire is subjected to different torsional strains (τ) 

respectively.
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