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Abstract

A theoretical framework describing the atomistic influence of temperature and strain rate on
the strength of nanoelements composed of combinations of one- and two-dimensional struc-
tures are developed. In particular, carbyne—graphene nanoelements (CGNSs), consisting of
graphene sheets connected by a carbyne chain lying in the plane of these sheets, are con-
sidered.

A fluctuation-based strength model is proposed, demonstrating that temperature and strain
rate effects are governed by fluctuation-induced rupture of contact bonds. The dependen-
cies of CGN strength on temperature and strain rate are obtained and verified by molecular
dynamics simulations using the machine-learning based atomic cluster expansion (ML-
ACE) potential.

It is shown that the temperature sensitivity of CGN strength is comparable to that of gra-
phene but significantly lower than that of metallic nanowires, due to the high stiffness of sp-
bonds. The relatively weak dependence of strength on temperature and strain rate highlights
the potential of CGNs for applications in straintronic devices.
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Introduction

Monatomic carbon chains are considered ideal one-dimensional conductors and the
thinnest possible interconnects for prospective nanodevices [1-3]. Therefore, carbynes can
be used in future devices such as transport channels, on-chip interconnects for molecular
electronics, and spintronic nanodevices [4-6].

Typically, the mechanical properties of carbyne and graphene are studied for isolated
objects: carbyne as an infinite chain [7], a ring [8-10], or a finite chain terminated with single
hydrogen or metal atoms at the ends [10-11]. Such studies make it possible to obtain the
properties of ideal polyyne and cumulene, although in real objects atomic chains are
terminated by other carbon structures, usually two-dimensional ones [5, 12]. The possibility
of practical application of the unique physical and mechanical properties of carbyne chains
is associated with carbyne—graphene nanoelements (CGNs), which consist of two graphene
sheets connected by a chain lying in the plane of these sheets. At present, such a structure
is considered a promising element of straintronics [13-15], since its deformation leads to a
change in the band gap width and, accordingly, its functional properties. In particular, this is
promising for use in optoelectronic devices with tunable wavelengths [16].

Experimental studies of the conductivity of CGNs and the metal-semiconductor
transition under tensile deformation have been carried out [5,16,17]. In [18], it was
demonstrated that the combination of electrical and magnetic properties of the chains and
contacts leads to the creation of nanodevices with exceptional spintronic properties, such
as the coexistence of magnetic and semiconducting behavior. Interesting tunable properties
of carbon chains integrated with sp? carbon are discussed in detail in [19].



The efficiency of practical application of straintronic elements largely depends on the
range of allowable operating deformations and temperatures, the prediction of which
requires physical insight into the atomic mechanisms of their deformation and failure. A key
feature of these mechanisms is the fluctuation-induced rupture of contact bonds. The
Arrhenius reaction rate theory, in its various modifications, is commonly used to analyze
thermally activated processes [20-23]. The main limitation of its application is the need to
determine coefficient values based on experimental data. For nano-objects, this implies
significant experimental challenges. Therefore, one direction for improving statistical models
is the elimination of fitting constants. In particular, attempts have been made to use results
of density functional theory (DFT) calculations to obtain information about atomic
interactions in nanoelements [16].

A characteristic feature of these and other statistical models is that they allow
prediction of the lifetime of mechanically unloaded nanosystems. However, force fields
generated by deformation are an essential attribute of straintronic elements. The main idea
of the existing approach to accounting for the influence of force fields on bond rupture waiting
time is that the energy barrier height decreases under the action of force. A linear law of
barrier reduction is usually assumed. The coefficient before the stress term is treated as a
material constant — the activation volume. This approach was originally proposed for
predicting the durability of macroscopic 3D systems [24].

At present, attempts are being made to apply this approach to nano-objects as well
[25]. However, nanoscale systems exhibit a characteristically nonlinear dependence of the
energy barrier height on the applied stress level [25,26].

In [27], a fluctuation-based approach was proposed for predicting the probability of
contact bond rupture in CGNs and similar one- and two-dimensional nanostructures.
According to this approach, reaching a critical magnitude of fluctuation is a necessary
condition for bond rupture. This critical value is determined by the level of force acting within
the nanoelement. Within this framework, a fluctuation model was developed that makes it
possible to predict the temperature dependence of both the mean value and the scatter
range of CGN lifetime over a wide range of loads [28,29].

In the present work, a further step is taken: a fluctuation-based strength model is
proposed for nanoelements subjected to a constant strain rate. Atomic-scale mechanisms
are identified, and the regularities of the influence of temperature and strain rate on the
strength of carbyne-graphene nanoelements are established. The proposed model is
validated based on molecular dynamics simulations over a wide range of temperatures and
strain rates. The ranges of temperatures and strain rates that enable the application of CGNs
in nanoelectronic and straintronic devices are determined.

Existing approaches to predicting the strength and lifetime of nanostructures attempt
to transfer macroscopic fracture models (the Zhurkov model and the Bailey principle) to the
nanoscale. However, such an approach is not suitable for one- and two-dimensional
nanostructures, since the Zhurkov model does not account for the nonlinearity of tensile
deformation, while the Bailey approach essentially describes fracture as a result of damage
accumulation. In contrast, in the case of CGNs, the critical event is the rupture of a single
contact bond.

MD-simulation

Molecular dynamics (MD) is a powerful tool for studying nanoscale systems, enabling
direct analysis of atomic structure evolution over a wide range of temperatures and strain
rates.

However, a significant challenge remains the accurate parameterization of
interatomic potentials for configurations containing different allotropes of carbon. As a result,
attempts to numerically model graphene-carbyne contacts have often led to results that
contradict first-principles DFT calculations [30].



In recent years, significant progress has been achieved in the development of
interatomic potentials and methods for their construction, which enable the description of
covalent bonds with accuracy comparable to DFT, thereby opening the possibility for
adequate MD simulation of combined one- and two-dimensional carbon nanostructures
[31,32].

Simulations were performed for a carbyne-graphene nanoelement (CGN) consisting
of two graphene sheets measuring 15.6 A x 32.0 A, connected by a carbyne chain. The
graphene sheets lie in the same plane with a zigzag orientation along the direction of tensile
loading of the nanoelement, while the carbyne chain is parallel to the corresponding direction
in graphene (Fig. 1). The number of atoms in the carbyne chains varied from 6 to 18, in
increments of four atoms.

Molecular dynamics (MD) simulations were performed using the LAMMPS software
package [33]. The ML-ACE type interatomic potential was chosen for the calculations
[31,34]. The ACE potential was parameterized based on a dataset of relevant carbon
structures over an extended range of volumes and energies, obtained using density
functional theory (DFT). This potential was selected due to its high accuracy in reproducing
the structural and mechanical properties of both crystalline and amorphous carbon phases
[32]. It is also consistent with the results of DFT calculations [35].

The integration of the equations of motion was carried out with a time step of 1071°
s. Temperature control was implemented using the Nosé—Hoover thermostat [37] with a
damping parameter Tdamp = 0.20, corresponding to a relaxation time constant of 200
simulation steps(2 x 10713s).

a b
Fig. 1. (a) CGN sample; atoms acting as grips are indicated by larger spheres. (b)
Interatomic distances in a carbyne chain consisting of 10 atoms;

Tensile loading was applied at a constant strain rate by elongating the simulation cell. At the
edges of the simulation cell, atoms were kept fixed, thus acting as “grips.” This approach
ensures a quasi-static deformation regime, in which the system has sufficient time to relax
after each increment of strain.



The values of coordinates, velocities, and virial stresses were recorded every 10-time steps.
The stress applied to the chain was calculated from the sum of the virial stresses of the
atoms [37].
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Where a, 8 = x,y, z are the indices of the stress tensor components; o h - the stress in the

chain; fch - the virial stress on the i-th atom; the summation is performed over the atoms
within the chain.

faﬁ = _Zmlva 17[; + Zli] fﬁ +z Z] kil( f;]k fl_]k) ]kl( f;]kl + rigllc )
fl]kl + T - l]kl) (2)

where r is the distance between atoms i and j; f.B is the force of the pairwise interaction
between atoms / and j,fijk is the force of the three-body interaction among atoms /, j, and
kfl]kl is the force of the four-body interaction among atoms /, j, and /.

For a one-dimensional object such as the carbyne chain, strength is most appropriately
expressed in units of force. Accordingly, from Eq. (1) we obtain:
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At finite temperatures, the force F given by EQ.3 includes contributions from all local
fluctuations, introducing significant noise into both the instantaneous force and its critical
value (Fig. 2).
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Fig. 2 Dependence of the applied force on the strain of the CGN with a 10-atom chain at a
temperature of 600 K and a loading rate of 0.01 m/s

To mitigate this effect, the exponential moving average (EMA) method was used. The
choice of the EMA parameter represents a trade-off: a higher value produces a smoother
curve and more effectively suppresses noise, but at the same time leads to a greater
underestimation of the mean value relative to the effective value at a given point.



For a tensile rate of 1 m/s, an EMA parameter value of 200 was used, and it was
increased proportionally with decreasing rate; for example, for 0.1 m/s, EMA = 2000. With
further reduction in the rate, the limiting value was 3200; further increase does not provide
any additional effect (Table 1).

Chains with an even number of atoms were chosen to ensure consistent alternation
of long and short bonds along the entire chain (Fig. 1b), given that the contact bonds are
expected to be “long.” This can be interpreted as longer distances corresponding to single
covalent bonds, while shorter ones correspond to triple bonds.

For chains containing 6, 14, and 18 atoms, the tensile rate was scaled so as to
preserve the strain rate of the chain (Table 1).

Table 1. Tensile loading parameters for carbyne chains of different lengths.

Number Initial chain Tlen_stlle Strain rate EMA smoothing
of atoms length ve OMC/ICy vi g ch. parameter
0.006 7.8 -106 3200
6 7.73 0.060 7.8 -107 2000
0.600 7.8 -108 200
0.01 7.8 -10° 3200
10 12.82 0.10 7.8 -107 2000
1.00 7.8 -108 200
0.014 7.8 -106 3200
14 17.95 0.140 7.8 -107 2000
1.400 7.8 -108 200
0.018 7.8 -106 3200
18 23.06 0.180 7.8 -107 2000
1.800 7.8 -108 200

Comparison of the simulation results for a system with a large graphene region (Fig. 1)
and a smaller one (Fig. 3) justified the possibility of using samples with a reduced total
number of atoms. Thus, the model system contained 48 atoms instead of 426, which made
it possible to significantly accelerate the calculations and increase statistical sampling.

To obtain more accurate average values for each temperature, more than 50 simulations
were performed with different initial distributions of atomic velocities.

Fig.3. Asample with a reduced contact region; the grip atoms are indicated by large spheres.

Fluctuation model

According to [27], the rupture strength of a contact bond in the chain is determined
by the critical fluctuation &, of its length at which rupture occurs under a given applied forceFy



(Fig. 4). Thus, the value of the critical fluctuation 6, is determined by the magnitude of the
applied force F;.
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Fig. 4. Deformation diagram of the contact bond (Fig. 1a) and the dependence of the
interatomic interaction energy E on the contact bond length (schematic):
Fr — applied force; uy — displacement of an atom from its equilibrium position under
mechanical loading; F,,, and u,, — force and displacement corresponding to the instability
of the contact bond, respectively; §,, — fluctuation associated with bond instability; u,. and
6. — critical displacement and critical fluctuation, respectively; u,, — displacement at which
bond rupture occurs; E,— depth of the potential well.

If the applied force F; reaches the limiting value F,,, a non-fluctuational (athermal)
mechanism of interatomic bond rupture takes place. At lower levels of loading, fracture
initiation is possible only due to thermal fluctuations. However, for such fluctuations to result
not merely in temporary instability of the interatomic interaction but in complete bond rupture,
the atomic displacement must reach or exceed a critical value u..

This value is determined both by the magnitude of the applied load Frand by the nature of
the decrease in interatomic force within the displacement range u,, < u < u,. As the
applied load Fy decreases, the required magnitude of the critical fluctuation &, increases
(Fig. 4).

According to the proposed approach for predicting the probability of rupture of a CGN
contact bond within one oscillation period [39]:

P(82 8 = 3 [ exp |- T2 s 4)
Where Z — statistical sum
— fOSbr exp [ E(uf+8) E(uf)] ds (5)



kg is the Boltzmann constant, §,, the fluctuation required for rupture of the contact bond in
the absence of an applied force, and T — the temperature.

As shown in [29], the integral in Eq. (4) cannot be expressed in terms of elementary
functions; however, an approximate expression for Eq. (4) can be written as follows:

E(ug+6)—E(uyf)
P(6 = 6.) = exp [— %} (6)

Accordingly, at zero applied force, Eq. (6) reduces to the classical Arrhenius relation:

P(6 = 6,) = exp [—;%’T (7)
According to [39], the interatomic interaction energy in the contact bond and its deformation

diagram can be approximated with sufficient accuracy by a Morse-type relation.
E(u) = Ey(e™?b* — 2¢7Pu) (8)

Accordingly, the expression for the deformation diagram of the contact bond can be
expressed as follows:

F(u) = 2bEy(e 0% — g2bw) 9)

Where Eo — the depth of the potential well, b — the function parameter, u — the elongation of
the contact bond.

This enables an analytical expression to be obtained for the probability of fracture of the
contact bond under a given applied force during a single atomic vibration period. Taking Egs.
(8)-(9) into account, Eq. (6) can be written as:

1+ [1-£8
P(6 2 6;) = Po(F) = exp —% /1 _ 1;5:) IO (10)
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Where F — the applied force
When the CGN is stretched at a constant strain rate, the force acting on the contact bond
increases from zero until rupture occurs. Accordingly, the probability of fracture of the CGN

at the n-th loading step is defined as the probability of rupture of the contact bond at that
step, provided that rupture has not occurred during any of the preceding loading steps:

Po = Po(F) [T (1 — Po(F)) (11)

For computational purposes, this relation can conveniently be represented in the following
form:

P, = Py(F,) exp[Xi=y In(1 — Py (Fy)] (12)

In this expression, the force at the n-th loading step is determined from Eq. (9), taking into
account the increment in the contact bond length during one atomic vibration period:

u, = nVr, (13)

Where n — number of an atomic vibration, V — tensile velocity, 7, — atomic vibration period.



Results and the discussion

A distinctive feature of the proposed model is the absence of fitting constants. Information
about the properties of the contact bond is specified by its deformation curve (Fig. 4), which
is obtained from molecular dynamics (MD) simulations of tensile loading of the CGN at
T=3K. Such a low temperature makes it possible to model its quasi-static tension with suffi-
cient accuracy without taking thermal fluctuations into account. Approximating this curve by
relation (9) makes it possible to determine the values of the parameters E, and b. In the
present case, for the contact bond E, = 13.18 - 107'°];b = 1.78471.

The theoretical temperature relations are in good agreement with the results of mo-
lecular dynamics (MD) simulations (Fig. 5). The slight deviation of the theoretical values of
F., from the MD simulation results is due to the fact that, for the sake of simplicity, the model
assumes that the applied force acting on the contact bond remains constant during the fluc-
tuation event. In reality, when a fluctuation occurs, some relaxation of the applied force may
take place if the energy accumulated in the stretched chain is insufficient to maintain a con-
stant value of the acting force.

1 O MD-data
80— The most probable value
"7 |—— 99 % probability of breaking contact bond

T—— 1 % probability of breaking contact bond
7.5+=—= — | = T

0 200 400 600 800 1000
Temperature, K
Fig. 5. Temperature dependence of the strength of a carbyne—graphene nanoelement

containing an 18-atom chain at a tensile loading rate of 0.01 m/s: circles — MD simulation
results; lines — theoretical predictions.

Effect of temperature

With increasing temperature, the CGN strength decreases approximately linearly
(Fig. 6), in agreement with the available data, particularly those reported in Ref. [30].
According to the proposed model, the temperature dependence of the contact bond strength
is explained by the increase in the probability of occurrence of the critical fluctuation &,
required for bond rupture under an applied force lower than the bond strength E,,, (Fig. 4).

The maximum reduction in strength at temperatures up to 900 K and at the minimum
stretching rate of 0.01 m/s does not exceed 20%. In terms of order of magnitude, this is
close to the values reported for graphene (27%) [31], but significantly smaller than that for
metallic nanowires (50%) [32]. This can primarily be attributed to the high stiffness of the
interatomic bonds in the carbyne chain.

The temperature dependences of the strength of the CGN for different strain rates
and different numbers of atoms in the carbyne chain are presented in Fig. 6.
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Fig. 6. Effect of temperature on the strength of the contact bond in the CGN for carbyne
chains containing different numbers of atoms: (a) 6 atoms, (b) 10 atoms, (c) 14 atoms, and
(d) 18 atoms. Symbols denote MD simulation data, and the solid line represents the
theoretical curve.

Effects of Strain Rate:

On a logarithmic scale, the relationship between strength and strain rate at a fixed
temperature is linear (Fig. 7), meaning that the underlying dependence is exponential.

According to the developed model, the effect of strain rate on strength is a
consequence of a thermally activated mechanism of bond rupture at the contact points. In
particular, this is also reflected in the fact that as temperature decreases, the influence of
strain rate on strength diminishes. This occurs because the strain rate controls the time
available for waiting for a critical fluctuation necessary to break an atomic bond. As
temperature decreases, the probability of such a critical fluctuation occurring decreases,
and consequently, the waiting time for the fluctuation increases. As a result, the force
required to break the bond grows. To some extent, this can be interpreted as an increase in
the athermal component of strength. The limiting strain rate &,,; at which temperature ceases
to affect strength, can be obtained from the diagram shown in Fig. 8. Physically, &,
characterizes the strain rate at which the time to failure is shorter than the waiting time for a
critical fluctuation.

According to the data in Figs. 1 and 4, the limiting strain to reach F,, is &,, = 0.28.

Then, at the limiting strain rate &,; ~ 2.9 - 1035~ the limiting waiting time for the rupture of
a contact bond 1,,; = ?—" ~ 0.01ps. This value characterizes the lower bound of the waiting
l

time for a critical fluctuation.
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Effect of Chain Length:

According to the MD simulation results, increasing the chain length leads to a higher
temperature sensitivity of strength; however, this effect is rather small: the difference
between chains containing 6 and 18 atoms at 900 K is about 5%.
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Fig. 9. Effect of the number of atoms, N, in the carbyne chain on strength at different chain
strain rates: (a) 7.8 - 10°s71; (b) 7.8 - 108571

The obtained value is significantly smaller than the 16% reported by the authors in
[30] for chains with n = 6 and n = 12. A likely reason for this discrepancy is the difference in
the interatomic potentials used. As the authors themselves note in [30], their results deviate
from DFT calculations, whereas in the present work the ACE potential was employed,
providing the best agreement with DFT results.

The obtained results also differ from those reported in [40], where it was shown that
strength decreases with increasing chain length inversely proportional to the number of
atoms. At the same time, it should be taken into account that the object studied in our work
is fundamentally different, as it is not an isolated carbyne chain. In the present case, the
ultimate strength is determined by the strength of the contact bond. Under such conditions,
the effect of chain length is minimal. The differences observed at high temperatures are
likely associated with differences in the vibrational spectra of chains of different lengths,
which in turn affect the fluctuation amplitude and the waiting time for their realization.

Conclusions:
1. The strength of carbyne—graphene nanoelements and similar nanoelements

composed of combinations of one- and two-dimensional nanostructures is governed
by the thermally activated rupture of the contact bond, which is responsible for its
dependence on temperature and strain rate.

2. In semi-logarithmic coordinates, the strength of carbyne—graphene nanoelements in-
creases linearly with the logarithm strain rate. The strain-rate sensitivity of strength
depends on temperature and increases as temperature rises. When the strain rate
increases by three orders of magnitude, the strength increases by 1.4% at 100 K,
3.1% at 300 K, and 6.5% at 900 K.

3. Inthe temperature range of 3—900 K, the strength of CGNs decreases with increasing
temperature, with the total reduction not exceeding 20%. In terms of magnitude, this
is close to the corresponding value reported for graphene (27%), but significantly



smaller than that observed for metallic nanowires (50%). This comparatively weak
temperature effect is primarily due to the high stiffness of sp bonds.

4. It has been established that the effect of strain rate on strength has a thermally activated
nature and is determined by the probability of the occurrence of a critical fluctuation
required for atomic bond rupture. As temperature decreases, this effect becomes
weaker, and at the limiting strain rate¢,;, temperature practically ceases to affect
strength, since the time to failure becomes comparable to the atomic vibration period.

5. The influence of temperature and strain rate on the strength of carbyne-graphene
nanoelements is governed by the thermally fluctuation nature of contact bond rup-
ture. Temperature determines the magnitude of interatomic distance fluctuations,
while the strain rate controls the time "allotted" for critical fluctuations to occur.

6. Attemperatures not exceeding 300 K, variation of the carbyne chain length within
the range of 8 — 23 A (corresponding to 6 to 18 atoms) has virtually no effect on the
strength of CGNs or on its sensitivity to temperature and strain rate. A slight effect
of chain length, not exceeding 5%, observed at higher temperatures may be associ-
ated with changes in the amplitude—frequency characteristics of chain vibrations as
the chain length varies.

7. The low sensitivity of CGN strength to temperature and strain rate supports the effi-
ciency of their use as elements of straintronics.
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