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Single layer molybdenum disulfide (SLMoS;), a semiconductor possesses intrinsic bandgap and high elec-
tron mobility, has attracted great attention due to its unique electronic, optical, mechanical and thermal
properties. Although thermal conductivity of SLMoS, has been widely investigated recently, less studies
focus on molybdenum disulfide nanotube (MoS,NT). Here, the comprehensive temperature, size and
strain effect on thermal conductivity of MoS,NT are investigated. Thermal conductivity is obtained as
16 Wm ' K~ at room temperature, and it has a ~T~! dependence on temperature from 200 to 400 K
and a ~LP dependence on length from 10 to 320 nm. Interestingly, a chirality-dependent strain effect
is identified in thermal conductivity of zigzag nanotube, in which the phonon group velocity can be sig-
nificantly reduced by strain. This work not only provides feasible strategies to modulate the thermal con-
ductivity of MoS,NT, but also offers useful insights into the fundamental mechanisms that govern the
thermal conductivity, which can be used for the thermal management of low dimensional materials in
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optical, electronic and thermoelectrical devices.
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1. Introduction

In recent years, two-dimensional single layer molybdenum
disulfide (SLMoS,) with a tri-layer structure composed of one layer
of Mo atoms sandwiched between two layers of S atoms, has
attracted great attention due to its unique electronic [1], optical
[2], and mechanical [3,4] properties. Different from the gapless
conductor graphene, SLMoS; is a semiconductor with an intrinsic
bandgap and high electron mobility [5], which makes it
become a promising candidate for many electronic and optoelec-
tronic applications [6-8]. However, thermal properties of low-
dimensional systems are very important for the performance and
reliability of devices. As a typical low-dimensional material,
nanotubes have attracted increasing research interest due to their
distinct thermal properties arising from the reduced dimensional-
ity, increased quantum confinement, and surface phonon
scatterings [9]. With the development of material science, quasi
one-dimensional molybdenum disulfide nanotube (MoS,NT) has
been experimentally prepared [10,11].
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During past years, thermal properties of SLMoS, have been
widely studied recently [12-17]. Jin et al. calculated the thermal
conductivity of SLMoS, using equilibrium molecular dynamics
and reported a value of 116.8 Wm™!K~' at room temperature
[13]. Wu et al. studied the isotropic effect on the thermal conduc-
tivity of SLMoS, and found that Mo isotopes contribute more and
can strongly scatter phonons with intermediate frequency for large
size samples [ 14]. Ding et al. found that the thermal conductivity of
SLMoS, can be effectively tuned by introducing even a small
amount of lattice defects, and can be further tuned by mechanical
strain [15]. In contrast, only a few researches focus on MoS,NT. The
mechanical behavior of MoS,NT under compression, tension and
torsion was studied [18]. Besides, the stability, thermal behavior
and size dependence of thermal conductivity of MoS,NT were
investigated by molecular dynamics simulations [19]. However,
the study on thermal conductivity of MoS,NT is not enough, tem-
perature, strain and chirality dependence of thermal conductivity
are missing and the fundamental physical mechanism of thermal
transport still remains to be revealed.

In this work, thermal conductivities of MoS;NT is numerically
investigated. Firstly, two different chiral MoS,;NTs with different
sizes are constructed. Then, temperature, diameter and length
dependence of thermal conductivity are studied for both two chiral
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MOoS,NT, as well as strain effect. Lastly, lattice dynamics analysis is
carried out to explain the chirality-dependent strain effect on ther-
mal conductivity by quantifying the phonon dispersion relations
and group velocity.

2. Model and method

Different chiral MoS;NT is constructed by rolling up SLMoS,
based on specific lattice vector r = ma; + na,, where the lattice con-
stants of the primitive cell are a;=a,=3.147 A (as shown in
Fig. 1a). Since that armchair and zigzag are two most representa-
tive directions in two-dimensional material, armchair and zigzag
nanotube have become the prevalent objects in the research on
nanotube. Therefore, our study only focuses on armchair nanotube
(ANT, m = n) and zigzag nanotube (ZNT, m # 0 and n = 0) without
considering other chiral MoS,NTs. For instance, Fig. 1b and ¢ show
the atomic structure of (8,8) ANT and the (14,0) ZNT respectively.
To overcome the structural instability induced by small diameter,
the (40, 40) ANT and (70, 0) ZNT are chosen as the smallest struc-
ture in the following calculation.

The classical non-equilibrium molecular dynamics (NEMD)
method has been employed in the calculation of thermal proper-
ties [20-28]. The thermal conductivity is calculated based on the
Fourier’s law of heat conduction as

J

K:_ﬁ’ (1)

where A is the cross-sectional area, VT is the temperature gradient,
J is the heat flux that recorded by the average of the input and out-
put power of the two baths as

 AEj + AEgy
.l - T7 (2)

where AE is the energy added to or removed from each heat bath
during each time step At.

All simulations are performed by the large-scale atomic/molec-
ular massively parallel simulator (LAMMPS) package [29], which
has been widely used to study thermal transport properties
[30-34]. Stillinger-Weber potential includes both two-body and
three-body terms and has been widely employed to calculate the
thermal properties [35-39]. The interatomic interactions are
described by the potential parameterized by Jiang, which has been
successfully tested for thermal conductivity calculation of SLMoS,
[40]. Time step is set as 0.5 fs, and the velocity Verlet algorithm is
used to integrate the discrete differential equations of motion [41].

The fixed and periodic boundary conditions are applied in axial and
other two directions, respectively. Two Langevin thermostats with
a temperature difference of 20 K are used to establish temperature
gradient along axial direction. Noting that the same definition of
thickness for cross-sectional area (CSA) should be used when com-
pare heat transfer capability of low dimensional material [42]. The
CSA of nanotube is defined as a ring with thickness of 6.16 A, which
is the interlayer distance of SLMoS,. To overcome the statistical
error, all results are averaged over five independent simulations
with different initial conditions. (NEMD simulation details are
given in supplementary material)

3. Results and discussion

Firstly, thermal conductivity of MoS,;NT with a diameter of
7 nm and a length of 10 nm is calculated at 300 K, and the result
is depicted in Fig. 2a as an illustration of the NEMD method. By lin-
ear fitting temperature profile (the red line), temperature gradient
is obtained to calculate thermal conductivity. Since temperature
usually play a critical role in thermal transport, dependence of
thermal conductivity on temperature is further investigated.
Debye temperature of SLMoS, is reported as 278 K [16], which
can be assumed equal to that of MoS,NT. So thermal conductivity
of MoS,NT is calculated in the temperature range from 200 to
400 K. As shown in Fig. 2b, there is no obvious difference between
the thermal conductivity of ANT and ZNT. An approximate value of
16 Wm ! K ! is obtained for both ANT and ZNT at room tempera-
ture, which is on the same order of magnitude as the results of
SLMoS; [13,14] and aligned CNT-PE composites [43] with the same
length. In order to compare, thermal conductivity of the corre-
sponding nanoribbon is calculated as well. It shows that thermal
conductivity of ZNT is almost equal to that of zigzag nanoribbon,
however the value of ANT is smaller than that of armchair nanorib-
bon. The reason is that more strain is introduced in the specific
structure of ANT by curvature, which lead to more phonon scatter-
ing. Moreover, thermal conductivity of both ANT and ZNT decrease
when temperature increases from 200 K to 400 K. It shows that
thermal conductivity can be well fitted by the ~T~! function,
which is attributed to the enhancement of Umklapp phonon-
phonon scattering at higher temperature. The similar result is also
found by previous study on CNT [44].

Then, length dependence of thermal conductivity is studied at
room temperature, where the diameter is fixed as 7 nm. As shown
in Fig. 2¢, thermal conductivity of both ANT and ZNT increase with
length ranging from 10 to 320 nm. With length up to 320 nm, the

Side view

Fig. 1. Schematic construction of MoS,NT from single layer SLMoS,. (a) Hexagonal SLMoS, lattice with indication of primitive vectors and the rolling directions for ANT and
ZNT. (b and c) The cross and side view of (8,8) ANT and (14,0) ZNT. Yellow and green spheres represent S and Mo atoms respectively.
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Fig. 2. (a) The schematic of MoS,NT and linear fitting of the temperature profile obtained from averaging during NEMD simulation; Thermal conductivity of MoS,NT with
different chirality versus (b) temperature (the diameter and length are set as 7 nm and 10 nm respectively), (c) length (the diameter is set as 7 nm) and (d) diameter (the

length is set as 10 nm) at 300 K.

values are obtained as highas 71+ 1Wm™!'K'and 66 +2 Wm™! -
K~ for ANT and ZNT respectively. When length is shorter than
phonon mean free path, the low-energy phonon density is very
small, and phonon-phonon interaction can be neglected so that
phonons transport ballistically. With the increase of length, more
and more (low energy, long wavelength) phonons are excited,
which results in the linear increase of thermal conductivity. When
length is longer than phonon mean free path, the phonon phonon
scattering plays a key role in the process of phonon transport.
Based on the theoretical studies on low-dimensional lattice model
[45,46], the anomalous heat diffusion induced by super diffusive
phonon transport is responsible for the divergent thermal conduc-
tivity. Moreover, thermal conductivity is fitted to diverge with
length as k o< LP, B is obtained as 0.43 £0.01 and 0.42 = 0.01 for
ANT and ZNT respectively, which is consistent with the previous
value 0.4 obtained from CNT [47]. The similar length effect was
also observed in the previous studies on CNT [44], SLMoS, [14]
and silicon nanowires [38,48].

Furthermore, diameter dependence of thermal conductivity is
studied at room temperature, where the length is fixed as 10 nm.
As shown in Fig. 2d, thermal conductivity of both ANT and ZNT
are almost unchanged when diameter increases from 7 to 21 nm.
To eliminate the influence of insufficient nanotube length, thermal
conductivity of ANT with a length of 40 nm is calculated at two dif-
ferent diameters. The result shows that thermal conductivity of
longer nanotube is still almost unchanged when diameter
increases from 7 to 21 nm. Therefore, it indicates that thermal con-
ductivity of MoS;NT has no obvious dependence on diameter, it
converges to a constant when diameter is large. As we know, when
diameter increases from small to large, thermal conductivity
increases because more phonon modes are excited and phonon
scattering induced by curvature is weaken. However, continuing
increase of diameter cannot enhance thermal conductivity due to
the increase of phonon-phonon scattering. On the other hand,
unlike the mechanism of length dependent thermal conductivity,

increasing diameter cannot increase the phonon mean free path
along axial direction. Therefore, thermal conductivity of nanotube
should converge with the diameter. Our result is similar to the
thermal conductivity of CNT, which increases firstly and then con-
verges when diameter is larger than 7 nm [49].

Besides temperature and size effect, strain effect on thermal
conductivity is investigated for both ANT and ZNT, the diameter
and length are fixed as 7 nm and 10 nm respectively. Due to the
limitation of structural stability, the strain is applied along the
axial direction of nanotube, ranging from —0.03 to 0.03 for ANT
and —0.03 to 0.09 for ZNT. As shown in Fig. 3a, ANT can only toler-
ate strain in a small range and thermal conductivity only slightly
decreases with strain in that range. In contrast, thermal conductiv-
ity of ZNT is significantly influenced by strain. It decreases almost
linearly with tensile strain, but abruptly reduces by about fifty per-
cent when strain is larger than 0.06. That is, the strain effect on
thermal conductivity has a strong chirality dependence.

To understand the underlying mechanism of the strain effect on
thermal conductivity, phonon density of state (PDOS) in axial
direction is calculated for different strained nanotube. The PDOS
spectra are obtained through Fourier transform of velocity. As
shown in Fig. 3b, the lower frequency phonon modes are not sen-
sitive to strain. Differently, higher frequency modes shift to low
frequency region when nanotube undergoes tensile strain, which
indicates that phonon dispersion is compressed to lower frequency
region. Based on « = cv?t/3, reduction of thermal conductivity is
related to the decrease of phonon group velocity and relaxation
time. To show it clearly, we calculate the phonon dispersion by
the general utility lattice program (GULP) [50]. Fig. 3¢ shows that
the phonon modes shift to the lower frequency region, which is
consistent with that indicated by PDOS. As shown in Fig. 3d, the
phonon group velocity of nanotube at different strain are calcu-
lated. It is obvious that group velocity significantly decreases when
nanotube is stretched, especially for the low frequency part, which
contribute more to thermal conductivity. Particularly for the



4 H. Meng et al./International Journal of Heat and Mass Transfer 145 (2019) 118719

-0.03 0.00 0.03
@) 20} = A!'mchair
—0O— Zigzag
_ 16} o—5__ 9 .
P E\Q{\g o T g
< \1:[
£ 12t 1
s
o sl 1
8
4 1 1 1 1 1
-0.03  0.00 0.03 0.06 0.09
Strain (a.u.)
(c)
~N
T
e
>
5
c
()
3
o
L
T

0 10 10 10 1
Wave vector (n/a)

() [ ' ' 003 -
0 ol w—-____

’;: 1F 0.00 A

8 QA—&—_

»w 0 B

8 1F 0.06

& 0 = m—-—__
1t 0.09 A
0 ____AL___.__._

(d) r :
@
£
S5
2
i3]
o)
o
>
Q.
>3
o
O]

) 10 15

Frequency (THz)

Fig. 3. (a) Thermal conductivity of MDNT with different chirality versus strain at room temperature, the diameter and length are set as 7 nm and 10 nm respectively; (b)
Normalized PDOS along axial direction for different strained ZNT. (c) Phonon dispersion relation for different strained ZNT; (d) Phonon group velocity versus frequency for

different strained ZNT.

acoustic phonons that mainly contribute to thermal conductivity,
their group velocity is significantly reduced from about 4.3 to
3.8 km/s when strain increases from 0.06 to 0.09, which is the main
reason for the abrupt decrease of thermal conductivity. On the
other hand, phase space is changed and anharmonicity is intro-
duced by strain, which enhance the phonon scattering so that pho-
non relaxation time is reduced. Therefore, the significant reduction
of thermal conductivity is observed when strain is larger than 0.06.
All in all, the decreasing thermal conductivity is attributed to the
reduction of group velocity and phonon relaxation time induced
by strain.

4. Conclusion

In general, the thermal conductivity of MoS,NT is systemati-
cally studied by NEMD simulations. The result shows that thermal
conductivity decreases with temperature as T~ from 200 to 400 K,
which indicates the dominant three-phonon scattering mecha-
nism. Moreover, thermal conductivity has a strong dependence
on length and the value diverges as L (B~ 0.4) from 10 to
320 nm. However, it has a weak dependence on diameter. More
importantly, it is found that the strain can dramatically reduce
thermal conductivity of ZNT rather than that of ANT. That is, there
is a chirality-dependent strain effect. By calculating the PDOS and
phonon dispersion relations, the strain effect on thermal conduc-
tivity is attributed to the decrease of phonon group velocity
induced by strain, which makes phonon modes drift to low-
frequency region. Our results demonstrate the possibility to mod-
ulate thermal conductivity of MoS,;NT through temperature, length
and strain. This work offers useful insights into the fundamental
mechanisms that govern the thermal conductivity, which can be
used for the thermal management of low dimensional materials
in optical, electronic and thermoelectrical devices.
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