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ABSTRACT

Carbyne is an ideal one-dimensional conductor and the thinnest interconnection in an ultimate nano-device and
it requires an understanding of the mechanical properties that affect device performance and reliability. Here,
we report the mechanical properties of finite-size carbyne, obtained by a molecular dynamics simulation study
based on the adaptive intermolecular reactive empirical bond order potential. To avoid confusion in assigning
the effective cross-sectional area of carbyne, the value of the effective cross-sectional area of carbyne (4.148 A%)
was deduced via experiment and adopted in our study. Ends-constraints effects on the ultimate stress
(maximum force) of the carbyne chains are investigated, revealing that the molecular dynamics simulation
results agree very well with the experimental results. The ultimate strength, Young's Modulus and maximum
strain of carbyne are rather sensitive to the temperature and all decrease with the temperature. Opposite
tendencies of the length dependence of the overall ultimate strength and maximum strain of carbyne at room
temperature and very low temperature have been found, and analyses show that this originates in the ends effect

of carbyne.

1. Introduction

The single carbon atom chain (SCC) carbyne has been regarded as
an ideal one-dimensional conductor and is the thinnest interconnec-
tion possible for an ultimate nano-device. Hence, carbynes may be
applied in future devices such as transport channels, on-chip inter-
connects for molecular electronics, and spintronic nano-devices. The
existence of carbyne chains has recently been demonstrated through
experimental observation [1-7] and measurements [8—13], and stu-
dies have shown that SCCs can be synthesized by techniques such as
unraveling a nanotube [8,13] or shrinking a carbon nanotube [2,4,9],
forming SCC inside a carbon nanotube [5,12], deriving carbon atomic
chains from graphene or ultra-narrow graphene nanoribbons [3,6,7],
and coalescence of functionalized fullerenes filled into a single-wall
carbon nanotube [1].

The application of carbyne in different devices will likely require a
deeper understanding of its mechanical properties, which would affect
device performance and reliability. The results of both experimental
and theoretical studies of the mechanical properties of carbyne are

compared and the results are listed in Table 1. Recent experimental
studies [14-16] have shown that carbyne is stronger than any known
material. Mikhailovskij et al. [14] reported an ultimate strength of
270 GPa (11.2 nN) of carbyne at 5 K via field-ion microscope (FIM) in
which the ultimate strength can be measured without the requirement
to assign an effective cross-sectional area on which the force is applied.
Kotrechko et al. [15] reported an ultimate strength of 251 GPa of
carbyne at 77 K using FIM for experimental measurement of carbyne
strength.

A comprehensive understanding of the dependence of the mechan-
ical properties of carbyne on length and temperature through an
experimental study alone remains challenging, and thus theoretical
study is necessary and helpful. Although there are a few theoretical
studies on the mechanical behavior of carbyne, published results seem
contradictory. Nair et al. [17] reported the mechanical properties of
carbyne, obtained by first-principles—based ReaxFF molecular simula-
tion. They reported a Young's modulus of 288 GPa and a strength that
ranges from 11 GPa (1.3 nN) for the shortest length to a constant
8 GPa (0.9 nN) for lengths of 5-64 A. However, in another study that
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Table 1
Comparing the mechanical properties of carbyne.
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Method Temperature (K) Thickness (h) or diameter Cross section Maximum tensile Young's Ultimate strength
@ A) area (82) force (nN) modulus (TPa) (Gpa)

DFT [18] d=0.772 0.4681 9.3-11.7 32.71 1986.8-2499.5
ReaxFF molecular simulation 10 h=3.35 11.2225 0.9-1.3 0.288 8-11

[17]
Experiment (FIM) [14] 5 11.2 270
Experiment (FIM) [15] 77 d=2.0 3.1416 7.85 + 0.05 251
Ab initio calculation [15] 0 d=2.0 3.1416 10.2-13.09 3.48-4.63 324-417
ReaxFF molecular simulation 500 d=3.35 8.8141 7.53 1.345 67.1

[19]
ReaxFF molecular simulation  100-400 8.75-9.75

[20]
Experiment (FIM) [16] d=2.0 3.1416 7.916 252.1

utilized first-principles calculations by Liu et al. [18], the reported
Young's modulus (32.7 TPa) and strength (9.3—11.7 nN) of the carbyne
are much higher than the results reported by A. K. Nair et al. However,
in their study, the very high Young's modulus of 32.71 TPa and the
specific strength of 6.0—7.5 x 107 Nm/kg seem to result from using an
effective mechanical thickness of 0.772 A, which is much smaller
compared to the graphite interlayer spacing of 0.335 nm by conven-
tion. Liu et al. [19] and Mirzaeifar et al. [20] also investigated the
mechanical behavior of carbyne, using the ReaxFF molecular simula-
tion, and their results are inconsistent with the results of the above
theoretical studies with or without considering the influence of a cross
section area.

In this study, we investigate the mechanical properties of carbyne,
using molecular dynamic (MD) simulations in combination with the
Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO)
potential [21]. By using the effective cross-sectional area of carbyne,
which we deduced from experiment, the results of MD simulations
based on AIREBO potential are compared and validated with experi-
mental results. Then, the length dependence and temperature depen-
dence of mechanical properties of carbyne, specifically the ultimate
strength and the Young's Modulus and maximum strain of carbyne, are
investigated in detail.

Isolated single carbon atom chains that include more than 20 atoms
have been reported to be energetically unstable [12,22-24]. Recent
studies have shown that the nanoscale confinements or end constrains
are a necessary condition for stabilizing the long SCCs [12,25-27], and
similar to carbon nanotubes (CNTs) and graphene nanoribbons
(GNRs), the physical characteristics of finite carbynes may consider-
ably differ from those of their infinite counterparts [28]. Therefore, our
study will only focus on the mechanical properties of finite-size carbyne
with end constrains.

2. Computational methods

MD simulations are necessary for the investigation of the mechan-
ical properties of carbyne, as shown in the MD simulations studies on
carbyne in the published literature [16,17,19,20]. More importantly, it
can be extended to analyze carbyne in more complex environments or
with complex constraints [12,20,25-27]. Considering that carbyne a
simple single crystal, some theoretical analytic models have been
proposed that can provide an approximation of the mechanical proper-
ties of carbyne. However, the parameters in these models have to be
estimated via simulations results [20,29].

MD simulations are carried out using the LAMMPS package [30]
with the AIREBO potential. This potential has been shown to accu-
rately capture the bond-bond interaction between carbon atoms as
well as both bond breaking and bond-reforming, and has been widely
applied to study the mechanical properties of carbon-based nanos-
tructures [31-36]. In addition, the Brenner potential [37], the REBO
potential [38,39], and the AIREBO potential have already been used to

model the mechanical behavior of carbyne [25,26,32] and graphynes,
in which carbon hexagons are connected via linear carbon chains [40—
43]. The function f,(r) in the REBO part of the AIREBO potential
represents the cutoff function that decreases monotonously from 1 to 0
as in

1, r< Rmin
ro=Afis el e ks rsn.
0, 7 > Rmax (€8]

where Ry, = 1.7 A and R,,x = 2.0 A in the original AIREBO potential
[38,44]. However, the authors of both the Brenner potential and the
REBO potential have mentioned that such a value of the parameter
Ruin in the cutoff function will lead to spuriously high bond forces
without a physical basis, since C-C bonds are stretched beyond 1.7 A.
Thus, they suggested that the cutoff distance R, should be extended
far beyond the inflection point [45]. Following their suggestions, larger
cutoff distances Rn,, such as 1.9 A [46], 1.92 A [47,48], and 2.0 A
[29,49-53] were employed. Among these, a value of 2.0 A was the most
commonly used in publications, which can avoid the camelback in the
potential due to the cutoff function. Such a modified AIREBO potential
has been reported to provide a more accurate approximation for the
near fracture region [29,45,49—-53]. Therefore, the cutoff parameters
Ruin Of the potential are set as 2.0 A in our simulations.

The (nominal) strain and the engineering (nominal) stress in the x
direction are defined as
_ l,\' - l,?
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where [0 is the initial length of the carbyne in x (i.e. longitudinal)
direction at zero strain, /, is the strained length of the carbyne, U is the
strain energy, V° = IS is the initial volume of the structure, and S is
the effective cross-sectional area of the carbyne onto which the tensile
force is applied. The Young's modulus Y in x direction is defined via the
equation:
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The atomic models of an isolated carbyne chain are displayed in
Fig. 1. Theoretically, stable carbon chain structures may be double-
bonded (polycumulene), [=(= C =) =], or alternating single-triple
bonded (polyyne), [-(-C = C-)-],. In our simulations, the single/
triple/double bond lengths are set as 1.24, 1.34, and 1.284 A [43,54—
57], respectively. Since it has been reported that carbon chains are
always subject to a time-varying nonzero strain that transforms their
atomic structure from cumulene to polyyne configuration [11], and
recent experimental studies have confirmed that carbyne exists in a
stable polyyne structure and could thus be synthesized [17], our
simulations only focus on polyyne chains. Finite-length carbynes
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Fig. 1. Isolated carbyne chains used for simulation.

without constraints are unstable and flexible due to fluctuations
induced by temperature, and thus before applying tension, finite-length
carbynes are first energy-minimized; then, the atoms at the ends are
fixed and are equilibrated at simulation temperature to ensure
structural stability.

In each MD simulation of the tensile loading process, the optimal
scheme 2 (S2) is employed, as previously described [58]. The first atom
in the carbyne is fixed, and a displacement step is applied on the last
atom, which is held rigid. All atoms except the end atoms are attached
to the Nosé—Hoover thermostat during the loading process. Each
displacement step is followed by 1000 relaxation steps, and the
simulation time step is set to be 0.5 fs. The strain rates vary with
carbyne length in the range from 1.0 x 10%s7* to 2 x 10 57!, which is
in agreement with strain rates selected in Ref. [59].

One important issue should be noted in the calculation of the
ultimate strength and the Young's modulus is the determination of the
cross section area of the carbyne. Similar to the well-known
“Yakobson's paradox” which refers to the contradicting values of the
Young's modulus of CNT as reported in previous literature due to the
non-unique definition of the thickness of single-wall CNTs [60,61], the
assumption of the effective cross-sectional area of carbyne is also
confusing when calculating the ultimate strength and Young's modulus
of carbyne. As shown in Table 1, the scattered mechanical properties of
carbyne are partially caused by differing assumptions. Nair et al. [17]
used an effective cross-sectional area value of 3.35 x 3.35 A2, Liu et al.
[19] used a diameter of the carbyne chain of 3.35 A, which corresponds
to an effective cross-sectional area of 8.8141 A® and is similar to a
previously utilized approach for defining the cross section of graphene
and carbon nanotubes [62—64]. Kotrechko et al. [15] and Mazilova
et al. [16] used a diameter of a carbyne chain of 2.0 A (or an effective
cross-sectional area of 3.1416 A?), which is the cutoff distance of the
Tersoff-Brenner bond-order potential.

Although Yakobson's group [18] have previously determined a
mechanical radius of 0.386 A, using the equivalent continuum me-
chanics model, their obtained mechanical radius is questionable.
Moreover, the problem of determining the cross-sectional area has
not been solved unequivocally. (1) Their results showed a fracture force
of carbyne of 9.3-11.7 nN and a derived mechanical radius of 0.386 A.
Thus, their ultimate stress can be obtained as 1986.8—2499.5 GPa,
which is almost 7-9 times higher than the experimental results
(270 GPa). Such results cannot agree with experimental results. (2)
Similarly, they have derived a much smaller value of the wall thickness
of 0.66 A in the case of SWNT's, using the continuum mechanics
model, which is only one fifth of the commonly adopted thickness of
3.4 A. Furthermore, their calculated Young's modulus if 5.5 TPa is
much higher than the commonly adopted value obtained via experi-
mental results of ~1 Tpa [65].

We noticed that Mikhailovskij et al. [14] have reported an ultimate
strength of 270 GPa, which corresponds to a fracture force of 11.2 nN
for carbyne at 5K via FIM. The FIM has a unique advantage that
renders it capable of measuring the ultimate strength without the need
to assign an effective cross-sectional area onto which the force is
applied. Moreover, providing the effective cross-sectional area of the
carbyne is not necessary to obtain the fracture force. It should be noted
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that the apex radius of the emitter, p, had to be determined for their
measurement via FIM. How the radius p was determined has been
described in detail in previous publications [14,15], coinciding with the
distance between the electric surface and the atomic nucleus at the end
of the chain, which was taken equal to 1.2 A. Using the ratio of the
fracture force to the corresponding ultimate strength, we obtain a value
of effective cross-sectional area of carbyne of 4.148 A2, corresponding
to a chain diameter of 2.3 A, which we adopted in our study. Such a
deduced value of chain diameter is acceptable when referring to
estimated results of effective cross-sectional area via a previously
described all-electron Linearised Augmented Plane Wave (LAPW)
method [66]. In fact, this value is higher than 2 A, which has been
considered to provide a lower estimate for the carbyne diameter [66],
and it is close to the diameter of electrical surfaces for the hemi-
spherical cap of the chain, which are assumed equal to 2.4 A [14].
Identical to those in the literature [15,66,67], here we choose the
maximum stress of 270 GPa at the chain tip rather than the average
stress of 245 GPa acting at the chain cap approximated by a hemi-
sphere as measured value of the ultimate strength of the carbyne in Ref.
[14].

3. Validation of the methods

To test whether the AIREBO potential can appropriately describe
the mechanical properties of carbyne, MD simulations based on the
potential for three carbyne chains, consisting of 28 atoms with different
end constraints (see Fig. 2(a)) are carried out. Chain A is an isolated
carbyne chain. Chain B is set according to the atomic model for a self-
standing linear atomic chain, anchored at the graphite tip in FIM [14].
Chain C is modeled as a carbyne chain, constrained by two graphene
nanoribbons with 10 layers on each side, which is similar to a
previously described atomic model [3]. Similar to simulations of the
isolated carbyne chain mentioned above for Chain B and Chain C, the
system including both graphene nanoribbons and the carbyne chain is
first energy minimized and then atoms of the graphene edge layers at
two ends of the system are fixed. The system is equilibrated at the
simulation temperature to ensure structural stability. Then, the atoms
of the left-edge layer of the system are fixed, and the displacement step
is applied on atoms of the right edge layer of the system, which is held
rigid. The atoms next to the edge layers are attached to the Nosé—
Hoover thermostat in the MD simulations of the loading process.

The obtained results of the stress-strain curves for Chain A, Chain
B, and Chain C at a temperature of 77 K are shown in Fig. 2(b). The
ultimate stresses (maximum force) are: 240.2052 GPa (9.9637 nN),
230.3117 GPa (9.5533 nN), and 218.3706 GPa (9.058 nN) for Chain A,
Chain B, and Chain C, respectively. The ultimate stress of Chain B
agrees very well with the experimental result (251 GPa), and the
difference may only be caused by the atom number of the measured
chains in the experiment of FIM not being exactly 28, as mentioned in
Ref. [15]. The measured chains have a mean value of 3.5 nm with a
variance of 1.8 nm.

Moreover, we can observe that the ultimate stresses (the maximum
force) are related with end constraints of the carbyne chains. The
isolated carbyne chain with fixed ends has maximal strength, and the
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carbyne chain anchored at the rectangular graphene nanoribbon has
minimal strength due to the increased stress concentration between
chain and graphene.

4. Results and discussion

To investigate the length dependence and the temperature depen-
dence of the mechanical properties of carbyne, polyyne chains of
varying lengths, containing n (n = 6, 8, 12, 24, 48, 100, and 160)
atoms are generated as shown in Fig. 1(a) and (b), respectively. A series
of MD simulations are conducted for the polyyne chains of various
lengths at temperatures of 0.1 K, 10 K, and 300 K. Fig. 3(a) and (b)
show the stress-strain curves of polyyne chains with different lengths
under tensile loading at temperatures of 0.1 K and 300 K, respectively.
Relevant results are also expressed in terms of force. The polyyne
chains exhibit nonlinear elastic behavior under uniaxial tension, and
their ultimate tensile strength and fracture strain strongly depend on
their length and temperature. In following section, we will discuss the
ultimate tensile strength, fracture strain, and the Young's modulus of
the polyyne chains obtained from the stress—strain curves.

4.1. Length dependence and temperature dependence of the ultimate
strength and maximum strain of carbyne

Throughout previous studies [15,17], the results of the length
dependence of mechanical properties of carbyne have been reported.
Kotrechko et al. [15] reported results obtained via ab initio simula-
tions, showing that the strength of chains with an even number of
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Fig. 3. Stress-strain curves of polyyne chains with different lengths under tensile
loading: (a) at temperature of 0.1 K; (b) at temperature of 300 K.

atoms increases with the number of atoms n, when n is in the range of
2-12, and when n > 12, the strength becomes independent of the
chain length. However, ReaxFF molecular simulations study by Nair
[17] have shown that the strength of carbynes decreases with the
number of atoms before it reaches an asymptotic value as the chain
length approaches ~60 A. Therefore, the underlying reason for this
difference in length dependence should be further investigated and
clarified.

Fig. 4 shows a different trend at different temperatures for the
length dependence of the ultimate strength and maximum strain of
carbyne. At 10 K and 300 K, the ultimate strength and maximum strain
both first decrease with the number of atoms of the chain, then
gradually becoming independent of chain length, which is in agreement
with the results of MD simulations in Ref. [20]. However, the length
dependence of the ultimate strength and maximum strain of carbyne
shows a reverse trend at a very low temperature of 0.1 K. Both ultimate
strength and maximum strain increase with the number of chain atoms
until they reach an asymptotic value, which is in agreement with the
results of previously published ab initio calculations [15].
Consequently, we have found opposite tendencies for the length
dependence of the overall ultimate strength and maximum strain of
carbyne at room temperature and very low temperature approaching
0K

In the following, we will discuss the difference in the behavior of
length dependence shown above. Mirzaeifar et al. [20] proposed a
theoretical equation to describe the length dependence and tempera-
ture dependence of the ultimate stress of carbyne as follows:
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where N is the total number of bonds in the carbyne, T is the
temperature, a is the power factor from the extended Bell model, x;;
is the separation distances of single CC bonds in the carbyne chain, A is
the cross section area of the carbyne chain, w; are the natural vibration
frequencies of single CC bonds, E,; are the energies of single CC bonds,
and kg is the Boltzmann constant. However, it seems that Eq. (4) is not
fitting the MD simulation results very well that are based on the
ReaxFF potential, especially for carbyne chains with small length or at
low temperatures. Moreover, Eq. (4) reveals that o, decreases with N
for any given T. Thus, Eq. (4) cannot explain why o, increases with N at
very low temperatures. Additionally, both our results and those in a
previous study [17] for length dependence of the ultimate strength,
show a much faster convergence than the results obtained with Eq. (4).
Furthermore, they more likely obey exponential damping law with the
length.

Considering an analytical expression for the nonlinear elastic (NLE)
behavior of carbyne under uniaxial tension as follows [29]:

LI ln[bém (ﬂ + 1)]
kgT N \kgT (5)

where U is the interatomic bond dissociation energy, and y = ¢V, where V
is the activation volume and g is the coefficient of local overstress, k3 is the
Boltzmann constant, ¢ is the strain rate, and z, is the vibration period of

kgT
)C;,|A

Ep
X/,]A

Oy

akBT

o (N, T) = —28_
ya + kgT
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atoms in solids. Eq. (5) reveals that o, will also decrease with N for any
given T.

Thus, the above discussions show that the theoretical models for
analysis via Egs. (4) and (5) cannot explain why o, increases with N at
temperatures approaching O K, which has been observed in the ab
initio calculations [15]. In fact, although Egs. (4) and (5) are helpful to
understand the length dependence of the ultimate strength of carbyne,
some of their parameters have to be estimated from MD simulations.

To explain the opposite tendency of length dependence of the
ultimate strength and maximum strain of carbyne shown at room
temperature and very low temperature, we separately calculated the
ultimate stress and maximum strain of carbyne for fixed atoms at the
ends and for free atoms in the middle. We found that the stress of the
fixed atom is much less than that of the free atom, thus resulting in an
overall ultimate stress that is smaller than the ultimate stress calcu-
lated for free atoms. Such an end effect is much stronger for shorter
carbyne chains. The ultimate stresses for free atoms are compared and
shown in Fig. 5. The trends of length dependence of ultimate stresses
for free atoms become identical for very low temperatures and for room
temperature. Also, similar to the length dependence of the overall
ultimate strength and maximum strain, the values of ultimate stresses
follow an exponential damping law with length rather than logarithm
damping law with length, which can be obtained using Egs. (4) and (5).
Therefore, we demonstrate that the different length dependence at both
room temperature and very low temperatures may be the result of the
end effect caused by the end atoms.

A further question is whether such an end effect should be
eliminated or whether periodic boundary conditions should be used.
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To answer this question, we would also like to remind that we are
dealing with finite systems here. Although periodic boundary condi-
tions were applied in the tensile direction in some previous MD
simulations studies to remove the finite length effect, the size effects
and end effects are real material effects in nanoscale and not simply an
artifact. When we focus on the finite size effect of properties of a finite
nanomaterial system, it is apparent that both size effect and end effects
should not be eliminated, and the free boundary condition is more
natural than the periodic boundary conditions [28,68-70].

As shown in Fig. 6, the ultimate strength and maximum strain of
polyyne chains decrease almost linearly with temperature, except at
temperatures below 100 K. The temperature dependence of the ulti-
mate strength agrees with previously published ReaxFF molecular
simulation results [20], and it can be also observed that Eq. (4) cannot
linear fit their MD results for temperatures below 100 K. The tem-
perature dependence of the maximum strain corresponds well with the
theoretical prediction for graphene nanoribbons with a fracture strain
that decreases almost linearly with increasing temperature except at
temperatures below 90 K [64].

4.2. Length dependence of the Young's Modulus of carbyne

The carbyne chains will become softer when either temperature or
length increases. Fig. 7(a) and (b) show the nominal modulus as a
function of the strain ¢ for polyyne chains of various lengths at 0.1 K
and 300 K, respectively. To be consistent with the calculated value of
the Young's modulus, the nominal moduli at strain € are calculated via
differentiating the stress with respect to the strain in a range of e~¢ +
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Fig. 8. Initial stress of the carbyne chains before the tensile process start. (a) stress
variation in the heating and equilibration process; (b) temperature- initial curve of the
carbyne chain.

0.02, and the Young's moduli of carbyne is obtained from the stress-
strain data acquired via the Hooke's law 6 = Ee at a small strain level (e
< 0.02). Fig. 7(c) and (d) show the Young's modulus and the maximum
nominal modulus as a function of strain e for polyyne chains of
different lengths at different temperatures, respectively. The Young's
modulus of carbyne obeys a logarithmic damping law with length,
while the maximum nominal modulus of carbyne follows a modified
exponential damping law with lengths. Furthermore, both the Young's
modulus and the maximum nominal modulus decrease with increasing
temperature.

4.3. Initial stress of carbyne

Carbyne chains are much more flexible and unstable than other
carbon nanostructures, such as graphene and carbon nanotubes. Finite
size carbyne chains under the free boundary condition show apparent
fluctuations when temperatures are non-zero. Even their ends atoms
are fixed, and these temperature induced fluctuations will result in
initial stress in the carbyne chains before the start of the tensile
process, and this can explain that the initial stress value in Fig. 3(b) is
not zero. To obtain the tensile behavior of a carbyne system at a given
simulation temperature T in MD simulations, a temperature control

130

Physica E 93 (2017) 124-131

process is necessary before loading, in which the temperature of the
system (except for the atoms at both ends) is tuned to T. To do so, the
temperature of the system linearly increases from 0 K to T in 100 ps.
Then, the system is equilibrated at the simulation temperature for
80 ps with temperature control (NVT ensemble), and the stresses in the
last 20 ps of the equilibration are averaged as the initial stress before
loading. Fig. 8(a) shows how the stress of a carbyne chain with 12
atoms varies with instantaneous temperature in the temperature
control process before loading when the simulation temperature of T
= 300 K. It can be observed that the stress almost increases with the
instantaneous temperature. Fig. 8(b) shows that the initial stress
steadily increases with the simulation temperature and the rate of
increase slows down as the temperature surpasses 350 K.

5. Conclusions

Carbyne is the thinnest carbon nanostructure and thus has im-
portant potential applications in future nanodevices. To understand the
mechanical properties of carbyne, MD simulations employing the
AIREBO potential are conducted in this study to investigate the
Young's Modulus, the ultimate strength, and the maximum strain of
carbyne as well as their length dependence and temperature depen-
dences.

MD simulations with AIREBO potential are conducted and results
are compared with experimental results. MD simulations with AIREBO
potential can well describe the mechanical properties of carbyne.
Furthermore, the mechanical properties of carbyne, such as the
ultimate strength and the Young's Modulus, are better by a factor of
2 compared to graphene and carbon nanotubes when assigning the
experimentally deduced effective cross-sectional area. The ultimate
strength, Young's Modulus and maximum strain of carbyne are rather
sensitive to temperature, and almost all decrease linearly with tem-
perature. Opposite tendencies of the length dependence of the overall
ultimate strength and maximum strain of carbyne at room temperature
and at very low temperatures are found, and the results reveal this as a
result of the end effect of the carbyne.
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