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Ballistic Thermal Transport in 
Carbyne and Cumulene with 
Micron-Scale Spectral Acoustic 
Phonon Mean Free Path
Mingchao Wang & Shangchao Lin

The elastic modulus of carbyne, a one-dimensional carbon chain, was recently predicted to be much 

higher than graphene. Inspired by this discovery and the fundamental correlation between elastic 

modulus and thermal conductivity, we investigate the intrinsic thermal transport in two carbon 

allotropes: carbyne and cumulene. Using molecular dynamics simulations, we discover that thermal 

conductivities of carbyne and cumulene at the quantum-corrected room temperature can exceed 54 
and 148 kW/m/K, respectively, much higher than that for graphene. Such conductivity is attributed to 
high phonon energies and group velocities, as well as reduced scattering from non-overlapped acoustic 

and optical phonon modes. The prolonged spectral acoustic phonon lifetime of 30–110 ps and mean 
free path of 0.5–2.5 µm exceed those for graphene, and allow ballistic phonon transport along micron-

length carbon chains. Tensile extensions can enhance the thermal conductivity of carbyne due to the 

increased phonon density of states in the acoustic modes and the increased phonon lifetime from 

phonon bandgap opening. These findings provide fundamental insights into phonon transport and band 
structure engineering through tensile deformation in low-dimensional materials, and will inspire studies 

on carbyne, cumulene, and boron nitride chains for their practical deployments in nano-devices.

Advanced thermal management and heat dissipation using thermally conductive nanomaterials have become an 
emergent �eld which attracts many attentions in the past decade1,2. Recent e�orts in searching material candidates 
have led to the discovery, understanding and deployment of many highly conductive materials, ranging from 2D 
graphene3 and hexagonal boron nitride (h-BN)4 to 1D carbon nanotubes5, single polymer chains6,7 and polymer 
nano�bers8,9. For example, experimentally reported thermal conductivity can reach ~5 kW/m/K for suspended 
monolayer graphene3, and ~3.5 kW/m/K for suspended metallic single-walled carbon nanotubes (SWCNTs)5. 
Such high thermal conductivity is closely related to their oustanding mechanical properties, in particular, the 
ultrahigh elastic modulus of ~1 TPa for both graphene10 and CNTs11. �is correlation could be explained from 
classical theories such as the Cauchy-Born rule, in which the elastic modulus E is directly proportional to the 
interatomic chemical bonding sti�ness K. High bonding sti�ness can lead to materials with high phonon energy 
ħω (the frequency ω ~ K1/2 for wave vectors k →  0) and group velocity (v ~ E1/2 for k →  0), which ultimately con-
tribute to their high thermal conductivities κ based on the kinetic theory for phonon transport12. From the aspect 
of intrinsic spectral phonon properties, low-dimensional carbon-based materials possess simple vibrational modes 
and phonon band structures, which should greatly reduce the magnitude of phonon-phonon scattering. However, 
even 2D graphene exhibits highly overlapped acoustic and optical phonon branches13, which generates additional 
phonon scattering events. �eoretically, 1D linear atomic chains should possess perfectly non-overlapped phonon 
branches12 and therefore, exhibit greatly enhanced thermal conductivity compared to graphene, but such material 
has not been observed yet using computations or experiments.

Very recently, ultrahigh elastic modulus was reported, using molecular dynamics (MD) simulations14 and 
�rst-principle calculations15, for carbyne, an sp-hybridized carbon allotrope which can be viewed as a 1D lin-
ear acetylenic carbon chain (Fig. 1(a)). Its Young’s modulus E was reported to be in the range of 3 ~ 32.7 TPa, 
about one order of magnitude higher than graphene and SWCNTs. Its superlative elastic modulus motivates us 
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to explore its potential ultrahigh thermal conductivity, as one would expect it to be much higher than graphene 
and SWCNTs. Furthermore, in addition to recent reports on free-standing single carbon16 and BN chains17 etched 
from graphene and h-BN using electron beams, respectively, tremendous e�orts have been made on chemical 
syntheses, growths and characterizations of stable and long 1D atomic chains18,19. Interestingly, it has been dis-
covered that multi-walled carbon nanotubes (MWCNTs) can serve as reaction capsules to synthesize stable linear 
carbon chains (up to 100 carbon atoms) embedded in their hollow cylindrical cores20,21. Not only are these atomic 
chains of fundamental interests in nanoscale phonon transport, but they also have many potential applications 
in ultra-compact nano-electronic/spintronic devices22,23. Considering the instability of pure carbon chains in the 
condensed phase (exothermal cross-linking)24, encapsulating single carbon chains in MWCNTs could lead to 
very stable and highly e�cient thermal dissipation junctions, metal-metal/metal-semiconducting junctions, and 
diodes in nano-electronics20.

In this work, we investigate phonon thermal transport in a single carbyne chain (polyyne, (− C≡ C− )n) using 
equilibrium MD simulations. Another form of the 1D carbon chains, cumulene ((= C =  C= )n, Fig. 1(b))25, is also 
studied here for comparison, knowing that it is less stable than carbyne and will undergo a Peierls transition into 
carbyne26. �e e�ects of simulation cell size (chain length), temperature (quantum-corrected) and tensile strain 
are investigated. Intrinsic spectral (mode-speci�c) phonon properties, such as phonon density of states (DOS), 
dispersion relation, group velocity, lifetime, and mean free path (MFP), are also predicted and compared with 
analytical lattice dynamics (LD) calculation results to better understand the predicted ultrahigh thermal con-
ductivities. Our analyses con�rm that such ballistic thermal transport is attributed to high phonon frequencies, 
group velocities and phonon lifetime. �e resulting phonon MFP is primarily in the range of 0.5 to 2.5 m for both 
carbyne and cumulene. Based on the kinetic theory of phonon transport, we con�rmed that the major contribution 
to the total conductivity comes from the longitudinal acoustic mode. Besides, tensile extensions can enhance the 
thermal conductivity of carbyne, partially due to the enhanced DOS in low-frequency acoustic modes as well as 
the increased phonon lifetime.

Figure 1. Atomic and chemical structures (top), phonon dispersion (middle le�), phonon DOS (middle 
right) and absolute group velocity (bottom le�) of a single (a) carbyne chain and (b) cumulene chain. MD 
results are shown in colored symbols (for dispersion and velocity) or lines (for DOS), while LD results are 
shown in black dashed (for dispersion and velocity) or dotted lines (for DOS). �e same color and symbol code 
is applied to each polarization. Characteristic phonon modes predicted by LD are marked in the dispersion and 
the DOS plots.
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Results and Discussion
Temperature-Dependent Thermal Conductivity. Considering the fact that chemically synthesized 
free-standing carbyne chains are still short (up to 44 atoms18) with end capping groups, we study relatively short 
chains from 24 (~3.3 nm) to 192 carbon atoms (~26.2 nm). �e convergence of thermal conductivity and heat �ux 
autocorrelation function (HFACF) are con�rmed at various chain lengths (see Methods Section and Supplementary 
Fig. S1). We �nd that the predicted values of κ show weak dependence on simulation cell size because the Green-
Kubo approach (see Methods Section) only rules out low k phonon modes that have small contributions to the total 
κ value27. �erefore, all data analyses herea�er are based on carbyne and cumulene chains of around 13.1 nm (96 
carbon atoms). �e predicted κ is equal to 80 ±  26 kW/m/K for carbyne and 200 ±  52 kW/m/K for cumulene at 
200 ~ 300 K (Fig. 2), more than one order of magnitude higher than suspended monolayer graphene (~5 kW/m/K)3 
and SWCNTs (~3.5 kW/m/K)5. It is also noteworthy that both carbon chains have �nite thermal conductivities 
determined by the Green-Kubo method. �ey are di�erent from the free 1D Fermi-Pasta-Ulam (FPU) chains28,29 
which exhibit diverging displacements orthogonal to the longitudinal direction. �is is because that the FPU 
chains do not possess angular bending (three-body) potentials to constrain the large-amplitude �uctuations of 
the chain, while the force �elds used here for carbyne and cumulene are more accurate and realistic by considering 
the bending sti�ness of both chains (see Methods Section).

�e Debye temperature TD for carbyne and cumulene is: TD ≈  ħωD/kB, where ωD =  370 THz is the Debye fre-
quency (maximum excitable phonon frequency obtained from phonon DOS or dispersion), and ħ is Planck’s 
constant. �e resulting TD ≈  2800 K for both carbyne and cumulene, which is higher than that for graphene and 
other carbon allotropes30 and consistent with Raman spectroscopic results31 and �rst-principle calculations32,33. 
�erefore, quantum corrections (QC)34 are required to convert the MD temperature, TMD, into the realistic QC 
temperature, TQC, following previous reports35. Speci�cally,
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where D(ω) is the normalized total phonon DOS determined from MD simulations (at TMD =  300 K and we ignore 
the variations in linewidths at di�erent temperatures, and see Methods Section); [exp(ħω/kBTQC)–1]−1 is the 
Bose-Einstein distribution for phonon excitation; ω is angular frequency, and kB is the Boltzmann constant. �e 
temperature conversion curves are shown in Supplementary Fig. S2, suggesting that the QC room temperature, 
TQC =  300 K, corresponds to an MD temperature of TMD =  43 K for carbyne and 48 K for cumulene. �ermal con-
ductivity can also be predicted using the kinetic theory for phonon transport as a function of ω or in the reciprocal 
space (k-space). Speci�cally, in the k-space with polarizations,
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Figure 2. MD predicted thermal conductivity κ as a function of temperature (TMD and TQC) for carbyne 
and cumulene. Standard errors (not shown) in κ are in the range of 25% ~ 40% based on three independent 
simulations.
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where Cp,k is the phonon speci�c heat, τp,k is the phonon lifetime, V is the system volume, N0 is the total number of 
atoms in the system, vp,k is the phonon group velocity, Dp,k is the phonon DOS, and fp,k is the Bose-Einstein distri-
bution for phonon excitations. Subscripts ‘p’ and ‘k’ denote the phonon polarization and wave vector, respectively.

MD predicted κ of carbyne and cumulene at di�erent TMD and TQC are shown in Fig. 2 in log scales. �e �gure 
indicates that there exists strong quantum e�ects at low MD temperatures (0 ~ 100 K) and that the quantum e�ect 
gets weaker with increasing temperature. Although quantum corrections are not perfect, the primary conclusions 
presented in this work and the observed trends of thermal conductivity as a function of temperature should still 
hold. �e observed positive temperature dependence of κ at low temperatures agrees very well with the kinetic 
theory of phonon transport36, in which the contribution from Cp,k (~ T 3 at low temperatures) to κ is dominant. 
�e observed negative temperature dependence of κ at higher temperatures is also consistent with the increased 
phonon-phonon scattering when more phonon modes are excited. �e excitingly high κ value for carbyne is two 
orders of magnitude higher than single-chain polyethylene (> 0.1 kW/m/K)6, and one order of magnitude higher 
than monolayer graphene at the room temperature (~ 5 kW/m/K)3. At very low temperatures (TQC =  100 K) where 
cumulene could be chemically stable, it still holds a high κ value of ~ 5 kW/m/K, comparable to that of monolayer 
graphene at the room temperature. At �nite temperatures, there exist small displacement �uctuations in both 
carbon chains, which can break the symmetry of the linear 1D structure. Tensile extensions of the chain can 
further suppress such �uctuations, while tensile compressions can lead to enhanced, intermediate �uctuations. 
Nevertheless, our Green-Kubo analysis con�rms that the heat �ux and the corresponding thermal conductivity 
along the x and y-axes are much lower than (< 1% of) those along the z-axis (longitudinal direction), and therefore, 
can be neglected. So here we only focus on the k-vectors along the z-axis and calculate the corresponding phonon 
dispersions, which is the primary contribution to the total thermal conductivity.

Intrinsic Spectral Phonon Transport Properties. To elucidate the underlying mechanism of thermal 
transport in carbyne and cumulene, we carefully investigate their phonon properties derived from MD simulations 
at 300 K (See Methods Section). Simulated phonon DOS (Fig. 1) unveils the range of possible angular frequencies 
for both carbon chains: ω =  0 ~ 400 THz. �e upper limit (400 THz) is close to that from measured Raman spectra 
(2100 cm−1 ≈  394 THz), corresponding to the high-frequency carbon-carbon bond stretching mode37. �e pho-
non dispersion of carbyne (Fig. 1(a)) re�ects a monoatomic chain with two spring constants, similar to that of 
a diatomic chain with two atomic masses36. �e L modes at k =  0 and at the boundary of the �rst Brillouin zone 
(also re�ected from the three peaks in the longitudinal phonon DOS) correspond to the e�ective spring constants 
of C− C bond (C1/2), C≡ C bond (C3/2), and their combination ((C1 +  C3)/2) (see Fig. 1(a) and Supplementary 
Information). �e T modes at k =  0 and at the boundary of the �rst Brillouin zone also match well the transverse 
phonon DOS. �e longitudinal optical (LO) mode in carbyne (330 ~ 370 THz, due to the C≡ C and the combined 
C≡ C and C− C bonds) is higher than that in graphene (280 ~ 300 THz, due to the sp2-hybridized carbon bonds38). 
�is partially contributes to the higher κ value of carbyne (Fig. 2), since the contribution to κ from optical pho-
non is signi�cant in nanostructures39. Moreover, in graphene, the out-of-plane optical (ZO) phonon mode (Γ  to 
M direction) crosses the in-plane longitudinal acoustic (LA) mode, which could lead to strong phonon-phonon 
scattering between those two modes. �e phonon branches in carbyne are clearly separated from each other 
without overlapping (except the contact at the boundary of the �rst Brillouin zone), which could greatly reduce 
phonon-phonon scattering and also explains the ultrahigh κ value for carbyne (Fig. 2). Finally, the total number 
of excitable phonon modes (number of k-points, Nk−point =  Natom, times 6 branches) in carbyne is limited due to 
the simple 1D nature. In comparison, 2D graphene40 and various 1D polymers41 exhibit highly overlapped and 
complicated phonon dispersion patterns with a lot more excitable modes.

�e phonon dispersion for cumulene (Fig. 1(b)) mimics the simplest possible monoatomic chain. LD calcu-
lations also miss the TA modes and slightly over-predict the LA mode frequency compared to MD simulation 
results. �e dominant (and also the highest frequency) peak (360 THz from MD) in the longitudinal phonon 
DOS corresponds to the e�ective spring constant of C =  C (C2) (see Fig. 1(b) and Supplemental Information). 
�is high frequency LA branch in cumulene partially contributes to its higher κ value than graphene, in addition 
to its simplest possible phonon dispersion.

�e predicted spectral phonon lifetimes τp,k with respect to phonon angular frequency ω are shown in Fig. 3(a–d)  
for carbyne and cumulene. For all phonon branches, the τp,k values stay within the range of 30 ~ 110 ps and are 
much longer than those for monolayer graphene (about 0 ~ 30 ps at 300 K)13, owing to the reduced phonon-phonon 
scattering from non-overlapped dispersion curves. �e longer τp,k for both carbon chains can partially contribute 
to their higher κ value compared to monolayer graphene. Interestingly, τp,k for both carbon chains also exhibit 
relatively weak dependence on frequency, similar to that for monolayer graphene13. Such trend in τp,k di�ers from 
the traditional case in which it exhibits a quick decline as ω increases and follows a scaling law of τp,k ~ ω−α based 
on the three-phonon scattering model42,43. �is weak dependence observed here can be attributed to anharmonic 
events at room temperature (not considered in the above scaling law) or the one-dimensional nature similar to 
carbon nanotubes44. Comparing carbyne and cumulene, the average value of τp,k for carbyne (~50 ps) is slightly 
shorter than that for cumulene (~60 ps).

Figure 3(b–e) illustrate calculated spectral phonon MFP lp,k as a function of frequency ω in log scales. For 
carbyne, lp,k ranges primarily from 500 ~ 2000 nm for LA and TA branches, while it is below 500 nm for the LO 
branch. Phonon MFPs of all acoustic modes are longer than that of the LO mode due to their higher group velocities 
(see Fig. 1(a)). lp,k for TO branch stays in a much wider range of 50 ~ 2500 nm. For both branches (LA and TA) in 
cumulene, the lp,k values are within the similar range of 500 ~ 2500 nm for ω below 250 THz, and decreases when 
ω is above 250 THz. It is worth noting that lp,k of the LA and TA branches for both carbon chains are much larger 
than those for monolayer graphene that ranges from only 10 ~ 600 nm13.

Using the kinetic theory of phonon transport (Eq. (2)), we can obtain the spectral contribution, κ(ω), from each 
phonon mode to the total thermal conductivity κ. As shown in Fig. 3(c,f), the normalized contribution κ(ω)/κ is 
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reduced when increasing ω, and the contributions from low- and medium-frequency (< 200 THz) acoustic modes 
dominate the total thermal conductivity. High-frequency optical modes also contribute to κ, although such con-
tribution is limited. Among acoustic modes, spectral contributions to κ from the LA mode are larger than that 
from the TA mode for both carbon chains, and therefore, are the primary contributors to κ in both carbon chains. 

Figure 3. Predicted spectral phonon lifetime, MFP, and thermal conductivity for carbyne and cumulene. 
(a,d) phonon lifetime τp,k, (b,e) MFP lp,k, (c,f) spectral contribution κ(ω) to κ as a function of ω for carbyne (top 
row) and cumulene (bottom row). �e same color and symbol codes in Fig. 1 are applied here.

Figure 4. Tensile deformation e�ects on thermal transport in carbyne and cumulene. Normalized κ as a 
function of tensile strain for carbyne and cumulene. Standard errors in κ value are in the range of 20% ~ 60% 
based on three independent simulations.
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Since lp,k in the frequency domain of < 200 THz are within the micron-range, we can conclude that those acoustic 
modes can transport ballistically along micron-length carbyne or cumulene chains.

Tensile Deformation Effects on Phonon Transport. �e e�ects of tensile deformations (extension or 
compression along the chain axis) on κ for both carbon chains are shown in Fig. 4. Engineering strains from 
ε =  − 10 to 10% are applied to both chains under a constant TMD =  300 K, and the resulting κ are normalized against 
the originally un-deformed 0% strain case. Extensions of carbyne signi�cantly enhance κ and lead to a positive, 
close-to-linear correlation with strain, in contrast to previous reports of reduced κ values in nanostructures under 
tensile extensions45,46. �e phonon dispersion and DOS for carbyne under 10% strain (Supplementary Fig. S3(a)) 
exhibit LA mode so�ening (red shi� in frequencies) and group velocity reduction compared to the unstrained case, 
in consistent with previous reports45,46. However, the peak heights in the LA phonon DOS increase in the range 
of 140 ~ 180 THz. TA and TO phonon modes under 10% strain remain similar to the unstrained case with small 
�uctuations in dispersion curves and group velocities (Supplementary Fig. S3(a)). LO phonons in carbyne under 
10% strain do not exhibit any mode so�ening, but the DOS becomes broader and their peaks heights increase in the 
range of 320 ~ 370 THz. Interestingly, under the 10% strain, a small phonon bandgap of 15 THz is opened between 
the LA and the TO modes at the �rst Brillouin zone (Supplementary Fig. S3(a)), compared to the unstrained case 
in which the two modes contact at the �rst Brillouin zone (see Fig. 1(a)).

As shown in Fig. 5(a), the averaged τp,k for carbyne under 10% strain is about 90 ps, much higher than that in the 
unstrained case (~60 ps). �is can be attributed to the fact that larger phonon bandgap between non-overlapped 
LA and TO modes (Supplementary Fig. S3(a)) could lead to longer phonon lifetime and reduced phonon-phonon 
scattering. �erefore, the increases in phonon lifetime and DOS peak heights in the LA mode lead to the enhanced 
thermal conductivity of carbyne under tensile stretching. �e enhanced averaged τp,k (~70 ps) is also observed in 
carbyne under 10% compression (see Fig. 5(d). However, signi�cant phonon mode so�ening in the two acoustic 
modes (Supplementary Fig. S3(b) for − 10% strain) acts against the enhanced τp,k, and therefore, �nally leads to sim-
ilar κ values as the unstrained case. �e resulting averaged lp,k (see Fig. 5(b–e)) increase under both tensile stretching 
and compression cases with an increased upper bound of 3500 nm. Interestingly, under the 10% strain κ(ω)/κ from 
the TA mode is signi�cantly enhanced in the low-frequency domain (< 100 THz), and even outweighs that from 
the LA mode (see Fig. 5(c)). �is makes the TA mode contribution weigh as much as the LA mode contribution 
over the full phonon spectrum. Such behavior is not observed in carbyne under the − 10% strain (see Fig. 5(f)).

For cumulene, the averaged τp,k increases to about 90 ps under 10% extension (Fig. 6(a)), and about 65 ps under 
10% compression (Fig. 6(d)). However, both deformation cases exhibit signi�cant reductions in group velocity in 
the low frequency range < 180 THz (Supplementary Fig. S4), resulting in very weak dependence of κ with respect 
to strain values. �e predicted lp,k and κ(ω)/κ under the 10% strain exhibit red shi�s (see Fig. 6(b,c)), in consistent 
with the observed phonon mode so�ening in both the LA and TA modes under 10% strain (see Supplementary 

Figure 5. Predicted spectral phonon lifetime, MFP, and thermal conductivity for carbyne under tensile 
deformations. (a) Phonon lifetime τp,k, (b) mean free path lp,k, and (c) spectral contribution κ(ω) to κ as a 
function of ω for carbyne under 10% extension (top row). (d) τp,k, (b) lp,k, and (c) κ(ω)/κ as a function of ω for 
carbyne under 10% compression (bottom row). �e same color and symbol codes in Fig. 1(a) are applied here.
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Fig. S4(a)). Combining the above competing e�ects on τp,k, phonon DOS, and group velocity, the averaged lp,k and 
κ(ω)/κ for both deformation cases remain similar to that of the unstrained case (see Fig. 6(b,c,e,f)).

Conclusions
In conclusion, using equilibrium MD simulations and the Green-Kubo approach, we predict the ultrahigh thermal 
conductivities of carbyne and cumulene. Such conductivity is attributed to the high phonon energies and group 
velocities in both materials, as well as the reduced phonon-phonon scattering due to the simplest possible phonon 
dispersion patterns and the resulting non-overlapped phonon branches. Acoustic phonon modes dominate the 
thermal transport in both carbyne and cumulene, among which the LA mode is the primary contributor to the total 
thermal conductivity. Prolonged 10 ~ 110 ps spectral phonon lifetime and micron-range (0.5 ~ 2.5 µ m) spectral pho-
non MFP were observed for carbyne and cumulene, which allows ballistic thermal transport along micron-length 
carbon chains. Interestingly, tensile extensions can enhance the thermal conductivity of carbyne, partially due to 
the enhanced phonon DOS intensity in the low-frequency acoustic modes. In addition, the enhanced averaged 
phonon lifetime, as a result of the small phonon bandgap opening at the �rst Brillouin zone, further increase the 
thermal conductivity. �is �nding could serve as an important theoretical guideline for engineering and tuning 
phonon band structures (e.g., bandgap opening) through materials tensile deformations. We believe that this 
report will inspire experimental measurements and validations of the predicted ultrahigh thermal conductivities 
in 1D atomic chains, including carbyne, cumulene, and single BN chains (not reported here but is also expected to 
have an ultrahigh thermal conductivity), as well as practical deployments of 1D atomic chains in nano-electronic/
spintronic devices. In particular, with the very rapid progress of synthesizing long, encapsulated 1D atomic chains 
in carbon nanotubes (1D chain@CNT)20,21,47–50, these new hybrid materials could lead to very stable and highly e�-
cient thermal dissipation junctions, metal-metal/metal-semiconducting junctions, and diodes in nano-electronics.

Methods
Molecular dynamics simulations. MD simulations and phonon property calculations are carried out using 
the LAMMPS so�ware package51. A second generation force �eld, PCFF52,53, is used to model single carbyne and 
cumulene chains due to its capability of capturing the anharmonic bonding between two carbon atoms, as well as 
the bending sti�ness of the chain through three-body angular potentials to avoid diverging displacements in FPU 
chains28. �e force �eld parameters are listed in Table S1 with a pairwise interaction cuto� distance of 1 nm. �e 
x and y dimensions are �xed at 2 nm. Di�erent simulation cell size along the z-axis lead to carbon chains of 3.3 to 
26.2 nm long. A�er energy minimization (conjugate-gradient) with stress relaxation along the chain direction, 
NVT ensemble using the Nose-Hoover thermostat54,55 under di�erent temperatures is applied to the single chain 
system. Enough spacing (~2 nm) is le� around the single chain to avoid chain-chain interactions through the 
periodic image. A time step of 1 fs is used for all the MD simulations here.

Figure 6. Predicted spectral phonon lifetime, MFP, and thermal conductivity for cumulene under tensile 
deformations. (a) Phonon lifetime τp,k, (b) mean free path lp,k, and (c) spectral contribution κ(ω) to κ as a 
function of ω for cumulene under 10% extension (top row). (d) τp,k, (b) lp,k, and (c) κ(ω)/κ as a function of ω for 
cumulene under 10% compression (bottom row). �e same color and symbol codes in Fig. 1(b) are applied here.
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Thermal conductivity calculations. �e Green-Kubo approach6 is used to predict thermal conductivities 
along the chain axis. A�er energy minimization, NVT simulations at di�erent temperatures (1 to 1000 K) were 
conducted for 30 ns each, followed by 50 ns to integrate the heat �ux autocorrelation function (HFACF) for com-
puting κ:

∫κ = ( ) ( )
( )

∞V

k T
J J t dt0

3B

z z2
0

where kB is the Boltzmann constant, V is the system volume (the carbon chain length L times its cross-sectional 
area of 3.35 ×  3.35 Å2 56), and Jz is the heat �ux along the z-axis.

Intrinsic spectral phonon property calculations. �e velocity autocorrelation function (VAF) averaged 
over all atoms is collected every 5 fs from a 10 ps NVT simulation to obtain the normalized phonon DOS as a 
function of angular frequency ω, Dj(ω), along the direction j =  x, y or z, by Fourier transforming the VAF57–59. 
Speci�cally,

∫ω

π

ω( ) =








( ) ( )

( ) ( )
( )







 ( )

∞
D

v v t

v v
i t dt

1

2

0

0 0
exp

4
j

j j

j j
0

2

where vj is the atomistic velocity along the direction j.
Phonon dispersion relations are computed based on the dynamical matrix obtained from the 

�uctuation-dissipation theory60 using data collected from 5 ns of NVT simulation. Although we focus on phonon 
transport in 1D along the chain axis, phonon DOS and dispersion are computed in 3D and decomposed into 
contributions from z (L, longitudinal) and x/y (T, transverse) dimensions. �e absolute group velocity |vp,k|, as a 
function of p (polarization) and k (wave vector), can be computed from the gradients of the phonon dispersion 
curves in Fig. 1: |vp,k| =  |∂ωp,k/∂k|. For comparison, analytical LD calculations are also carried out in 1D to predict 
phonon dispersion, DOS (Dp,k =  (π∂ωp,k/∂k)−1), and |vp,k| (see Supplementary Information).

Spectral phonon lifetime, τp,k, is calculated from spectra energy density (SED) Φp,k (ω) using the expression61:
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where n is number of atoms in the unit cell (ncarbyne =  2 and ncumulene =  1); N is the total number of atoms; mc is the 
mass of carbon atom; 

α, ,
u

b l
 is the α-component of the velocity of the bth atom in the lth unit cell; 

α, , ,

⁎ep k b is the com-
plex conjugate of the eigenvector associated with bth atom for the phonon mode (p,k); 

,

r
l0  is equilibrium position 

vector of the lth unit cell; κ  (= k for the 1D carbon chain considered here) is the wave vector; τ0 is the total simu-
lation time. SED satis�es a Lorenzian distribution62, namely,

ω

π

ω ω

Φ ( ) =
Γ /

( − ) + Γ ( )
,

,

, ,

C
6

p k
p k

p k p k
2 2

where ωp,k is the eigen-frequency for the phonon mode (p,k); Γ p,k corresponds to the half width at half maximum 
of SED. A�er �tting SED with a Lorenzian function, the phonon lifetime τp,k can be calculated by τp,k =  1/2Γ p,k. 
Spectral phonon MFP lp,k can be computed based on its de�nition: lp,k =  vp,k·τp,k.

References
1. Cahill, D. G. et al. Nanoscale thermal transport. II. 2003–2012. Applied Physics Reviews 1, 011305 (2014).
2. Pop, E. Energy dissipation and transport in nanoscale devices. Nano Research 3, 147–169 (2010).
3. Balandin, A. A. et al. Superior thermal conductivity of single-layer graphene. Nano Letters 8, 902–907 (2008).
4. Jo, I. et al. �ermal Conductivity and Phonon Transport in Suspended Few-Layer Hexagonal Boron Nitride. Nano Letters 13, 550–554 

(2013).
5. Pop, E., Mann, D., Wang, Q., Goodson, K. E. & Dai, H. J. �ermal conductance of an individual single-wall carbon nanotube above 

room temperature. Nano Letters 6, 96–100 (2006).
6. Henry, A. & Chen, G. High �ermal Conductivity of Single Polyethylene Chains Using Molecular Dynamics Simulations. Physical 

Review Letters 101, 235502 (2008).
7. Henry, A. & Chen, G. Anomalous heat conduction in polyethylene chains: �eory and molecular dynamics simulations. Physical 

Review B 79, 144305 (2009).
8. Shen, S., Henry, A., Tong, J., Zheng, R. T. & Chen, G. Polyethylene nano�bres with very high thermal conductivities. Nature 

Nanotechnology 5, 251–255 (2010).
9. Zhang, T. & Luo, T. F. High-Contrast, Reversible �ermal Conductivity Regulation Utilizing the Phase Transition of Polyethylene 

Nano�bers. ACS Nano 7, 7592–7600 (2013).
10. Lee, C., Wei, X. D., Kysar, J. W. & Hone, J. Measurement of the elastic properties and intrinsic strength of monolayer graphene. Science 

321, 385–388 (2008).
11. Yu, M. F. et al. Strength and breaking mechanism of multiwalled carbon nanotubes under tensile load. Science 287, 637–640 (2000).
12. Chen, G. Nanoscale energy transport and conversion: a parallel treatment of electrons, molecules, phonons, and photons. Oxford 

University Press (2005).
13. Qiu, B. & Ruan, X. Reduction of spectral phonon relaxation times from suspended to supported graphene. Applied Physics Letters 

100, 193101 (2012).
14. Nair, A. K., Cranford, S. W. & Buehler, M. J. Erratum: �e minimal nanowire: Mechanical properties of carbyne. EPL (Europhysics 

Letters) 106, 39901 (2014).



www.nature.com/scientificreports/

9Scientific RepoRts | 5:18122 | DOI: 10.1038/srep18122

15. Liu, M. J., Artyukhov, V. I., Lee, H., Xu, F. B. & Yakobson, B. I. Carbyne from First Principles: Chain of C Atoms, a Nanorod or a 
Nanorope. ACS Nano 7, 10075–10082 (2013).

16. Jin, C., Lan, H., Peng, L., Suenaga, K. & Iijima, S. Deriving Carbon Atomic Chains from Graphene. Physical Review Letters 102, 205501 
(2009).

17. Cretu, O. et al. Experimental Observation of Boron Nitride Chains. ACS Nano 8, 11950–11957 (2014).
18. Chalifoux, W. A. & Tykwinski, R. R. Synthesis of polyynes to model the sp-carbon allotrope carbyne. Nature Chemistry 2, 967–971 

(2010).
19. Lagow, R. J. et al. Synthesis of Linear Acetylenic Carbon: �e “sp” Carbon Allotrope. Science 267, 362–367 (1995).
20. Zhao, X., Ando, Y., Liu, Y., Jinno, M. & Suzuki, T. Carbon Nanowire Made of a Long Linear Carbon Chain Inserted Inside a Multiwalled 

Carbon Nanotube. Physical Review Letters 90, 187401 (2003).
21. Andrade, N. F. et al. Linear Carbon Chains under High-Pressure Conditions. �e Journal of Physical Chemistry C 119, 10669–10676 

(2015).
22. Cretu, O. et al. Electrical Transport Measured in Atomic Carbon Chains. Nano Letters 13, 3487–3493 (2013).
23. Khoo, K. H., Neaton, J. B., Son, Y. W., Cohen, M. L. & Louie, S. G. Negative Di�erential Resistance in Carbon Atomic Wire-Carbon 

Nanotube Junctions. Nano Letters 8, 2900–2905 (2008).
24. Kroto, H. Carbyne and other myths about carbon. RSC Chemistry World 7, http://www.rsc.org/chemistryworld/Issues/2010/

November/CarbyneOtherMythsAboutCarbon.asp (2010) (Date of access: 09/30/2015).
25. Januszewski, J. A. & Tykwinski, R. R. Synthesis and properties of long [n] cumulenes (n> = 5). Chemical Society Reviews 43, 3184–3203 

(2014).
26. Kertesz, M., Koller, J. & Azman, A. Ab-Initio Hartree-Fock Crystal Orbital Studies - Energy-Bands in Polyene Reconsidered. Journal 

of Chemical Physics 67, 1180–1186 (1977).
27. Sellan, D. P., Landry, E. S., Turney, J. E., McGaughey, A. J. H. & Amon, C. H. Size e�ects in molecular dynamics thermal conductivity 

predictions. Physical Review B 81, 214305 (2010).
28. Fermi, E., Pasta, J. & Ulam, S. Studies of nonlinear problems. Los Alamos Report LA-1940, 978 (1955).
29. Savin, A. V. & Kosevich, Y. A. �ermal conductivity of molecular chains with asymmetric potentials of pair interactions. Physical 

Review E 89, 032102 (2014).
30. Pop, E., Varshney, V. & Roy, A. K. �ermal properties of graphene: Fundamentals and applications. MRS Bulletin 37, 1273–1281 

(2012).
31. Agarwal, N. R. et al. Structure and chain polarization of long polyynes investigated with infrared and Raman spectroscopy. Journal 

of Raman Spectroscopy 44, 1398–1410 (2013).
32. Fan, X., Liu, L., Lin, J., Shen, Z. & Kuo, J.-L. Density Functional �eory Study of Finite Carbon Chains. ACS Nano 3, 3788–3794 

(2009).
33. Milani, A., Tommasini, M. & Zerbi, G. Carbynes phonons: A tight binding force �eld. �e Journal of Chemical Physics 128, 064501 

(2008).
34. Turney, J. E., McGaughey, A. J. H. & Amon, C. H. Assessing the applicability of quantum corrections to classical thermal conductivity 

predictions. Physical Review B 79, 224305 (2009).
35. Wang, C. Z., Chan, C. T. & Ho, K. M. Tight-Binding Molecular-Dynamics Study of Phonon Anharmonic E�ects in Silicon and 

Diamond. Physical Review B 42, 11276–11283 (1990).
36. Chen, G. Nanoscale energy transport and conversion. Oxford University Press (January 2005).
37. Onida, G. et al. Vibrational properties of sp carbon atomic wires in cluster-assembled carbon �lms. Physica Status Solidi B 247, 

2017–2021 (2010).
38. Lin, S. C. & Buehler, M. J. �ermal transport in monolayer graphene oxide: Atomistic insights into phonon engineering through 

surface chemistry. Carbon 77, 351–359 (2014).
39. Tian, Z., Esfarjani, K., Shiomi, J., Henry, A. S. & Chen, G. On the importance of optical phonons to thermal conductivity in 

nanostructures. Applied Physics Letters 99, 053122 (2011).
40. Yan, J. A., Ruan, W. Y. & Chou, M. Y. Phonon dispersions and vibrational properties of monolayer, bilayer, and trilayer graphene: 

Density-functional perturbation theory. Physical Review B 77, 125401 (2008).
41. Zhang, T., Wu, X. F. & Luo, T. F. Polymer Nano�bers with Outstanding �ermal Conductivity and �ermal Stability: Fundamental 

Linkage between Molecular Characteristics and Macroscopic �ermal Properties. Journal of Physical Chemistry C 118, 21148–21159 
(2014).

42. Klemens, P. G. �e �ermal Conductivity of Dielectric Solids at Low Temperatures (�eoretical). Proceedings of the Royal Society of 
London Series A, Mathematical and Physical Sciences 208, 108–133 (1951).

43. Holland, M. G. Analysis of Lattice �ermal Conductivity. Physical Review 132, 2461–2471 (1963).
44. Ong, Z.-Y., Pop, E. & Shiomi, J. Reduction of phonon lifetimes and thermal conductivity of a carbon nanotube on amorphous silica. 

Physical Review B 84, 165418 (2011).
45. Wei, N., Xu, L., Wang, H.-Q. & Zheng, J.-C. Strain engineering of thermal conductivity in graphene sheets and nanoribbons: a 

demonstration of magic �exibility. Nanotechnology 22, 105705 (2011).
46. Li, X., Maute, K., Dunn, M. L. & Yang, R. Strain e�ects on the thermal conductivity of nanostructures. Physical Review B 81, 245318 

(2010).
47. Fujimori, T. et al. Conducting linear chains of sulphur inside carbon nanotubes. Nature Communications 4, 2162 (2013).
48. Senga, R. et al. Atomic structure and dynamic behaviour of truly one-dimensional ionic chains inside carbon nanotubes. Nature 

Materials 13, 1050–1054 (2014).
49. Andrade, N. F. et al. Linear carbon chains encapsulated in multiwall carbon nanotubes: Resonance Raman spectroscopy and 

transmission electron microscopy studies. Carbon 90, 172–180 (2015).
50. Meyer, R. R. et al. Discrete Atom Imaging of One-Dimensional Crystals Formed Within Single-Walled Carbon Nanotubes. Science 

289, 1324–1326 (2000).
51. Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular-Dynamics. Journal of Computational Physics 117, 1–19 (1995).
52. Sun, H., Mumby, S. J., Maple, J. R. & Hagler, A. T. An Ab-Initio C�93 All-Atom Force-Field for Polycarbonates. Journal of the American 

Chemical Society 116, 2978–2987 (1994).
53. Maple, J. R., Dinur, U. & Hagler, A. T. Derivation of Force-Fields for Molecular Mechanics and Dynamics from Abinitio Energy 

Surfaces. Proceedings of the National Academy of Sciences of the United States of America 85, 5350–5354 (1988).
54. Nosé, S. A uni�ed formulation of the constant temperature molecular dynamics methods. �e Journal of Chemical Physics 81, 511–519 

(1984).
55. Hoover, W. G. Canonical dynamics: Equilibrium phase-space distributions. Physical Review A 31, 1695–1697 (1985).
56. Nair, A. K., Cranford, S. W. & Buehler, M. J. �e minimal nanowire: Mechanical properties of carbyne. EPL (Europhysics Letters) 95, 

16002 (2011).
57. Lin, S. C. & Buehler, M. J. �e e�ect of non-covalent functionalization on the thermal conductance of graphene/organic interfaces. 

Nanotechnology 24, 165702 (2013).
58. Lin, S. C. & Buehler, M. J. Mechanics and molecular �ltration performance of graphyne nanoweb membranes for selective water 

puri�cation. Nanoscale 5, 11801–11807 (2013).

http://www.rsc.org/chemistryworld/Issues/2010/November/CarbyneOtherMythsAboutCarbon.asp
http://www.rsc.org/chemistryworld/Issues/2010/November/CarbyneOtherMythsAboutCarbon.asp


www.nature.com/scientificreports/

1 0Scientific RepoRts | 5:18122 | DOI: 10.1038/srep18122

59. Wang, M., Hu, N., Zhou, L. & Yan, C. Enhanced interfacial thermal transport across graphene–polymer interfaces by gra�ing polymer 
chains. Carbon 85, 414–421 (2015).

60. Kong, L. T. Phonon dispersion measured directly from molecular dynamics simulations. Computer Physics Communications 182, 
2201–2207 (2011).

61. McGaughey, A. J. H. & Kaviany, M. Quantitative validation of the Boltzmann transport equation phonon thermal conductivity model 
under the single-mode relaxation time approximation. Physical Review B 69, 094303 (2004).

62. �omas, J. A., Turney, J. E., Iutzi, R. M., Amon, C. H. & McGaughey, A. J. H. Predicting phonon dispersion relations and lifetimes 
from the spectral energy density. Physical Review B 81, 081411 (2010).

Acknowledgements
�e authors would like to acknowledge the start-up funding from the Energy and Materials Initiative from the 
Florida State University. S. Lin also would like to acknowledge the First Year Assistant Professor (FYAP) award 
from the Florida State University.

Author Contributions
S.L. designed simulation and supervised the study. M.W. and S.L. carried out the simulation and data analysis, 
and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing �nancial interests: �e authors declare no competing �nancial interests.

How to cite this article: Wang, M. and Lin, S. Ballistic �ermal Transport in Carbyne and Cumulene with 
Micron-Scale Spectral Acoustic Phonon Mean Free Path. Sci. Rep. 5, 18122; doi: 10.1038/srep18122 (2015).

�is work is licensed under a Creative Commons Attribution 4.0 International License. �e images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Ballistic Thermal Transport in Carbyne and Cumulene with Micron-Scale Spectral Acoustic Phonon Mean Free Path
	Introduction
	Results and Discussion
	Temperature-Dependent Thermal Conductivity
	Intrinsic Spectral Phonon Transport Properties
	Tensile Deformation Effects on Phonon Transport

	Conclusions
	Methods
	Molecular dynamics simulations
	Thermal conductivity calculations
	Intrinsic spectral phonon property calculations

	Additional Information
	Acknowledgements
	References


