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Linear carbon chains (LCCs) are one-dimensional materials with unique properties, including high
Debye temperatures and restricted selection rules for phonon interactions. Consequently, their Raman
C-band frequency’s temperature dependence is a probe to their thermal properties, which are well described
within the Debye formalism even at room temperatures. Therefore, with the basis on a semiempirical
approach we show how to use the C band to evaluate the LCCs’ internal energy, heat capacity, coefficient of
thermal expansion, thermal strain, and Grüneisen parameter, providing universal relations for these
quantities in terms of the number of carbons atoms and the temperature.
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One-dimensional (1D) linear carbon chains (LCCs) are
one of the simplest materials presenting properties asso-
ciated with both molecules and solids [1–8], making them
ideal for many electronic [9–13], mechanical [14,15], and
thermal applications [2,16]. They exhibit sp hybridization
and can be either semiconducting, known as polyynes with
alternate single and triple bonds (� � � − C≡ C − C≡
C −…), or metallic, also known as cumulenes
(� � �C ¼ C ¼ C ¼ C ¼ …) [8,12]. Historically, host-free
LCCs have posed interesting questions regarding their
stability [6,17,18] but recently, single-wall (SW), double-
wall (DW), and multiwall (MW) carbon nanotubes (CNT)
are considered ideal environments for fabricating stable
LCCs with up to 6000 C atoms [1,5,9,11,15]. The polyynic
structure is often the most stable configuration with band
gaps typically around 2.13 eV [19,20].
The LCCs possess simple phonon structures presenting

longitudinal and transversal modes when they are host-free
[8].When encapsulated, however, LCCs share their main axis
with their hostCNTsand this configuration inhibits transversal
modes [20–23]. These phonons possess long mean free paths
(∼0.5–2.5 μm) and lifetimes (∼30–110 ps), making phonon-
phonon interactions (ph-ph) inefficient in LCCs [8] when
compared with other carbon materials [24–26]. The optical
longitudinal mode (in-axis out-of-phase C-atom vibrations),
so-called C band, with frequencies ωLCC around 1850 cm−1,
is an easily trackable Raman spectroscopic signature and due
to the weak nature of ph-ph it is an excellent probe to study
mechanical and thermal properties [27–32]. The C band has
been characterized in the literature via room-temperature
[19,20] and pressure-dependent Raman spectroscopy [21–23]

but its use to obtain important mechanical [22] and thermal
observables (this work) is a novel concept. Additionally, it is
well known that ωLCC is proportional to N−1, where N is the
number of carbon atoms [17,22].
Other complex chainlike structures have also been

reported [33–39]. Chorro et al. [33], Rols et al. [34],
and Cambedouzou et al. [35] showed that C60 carbon
peapods inserted in SWNTs submitted to various pressures
(P) and temperatures (T) could undergo, for example, poly-
merization (for pressures around 4 GPa), high orientational
mobility (even for T<100 K), and fast diffusional reor-
ientations at T ¼ 200 K. In another study, Bousige et al.
[36] showed evidences of melting and liquid phases for C60

chains inside CNTs, revealing that such a quasi-1D system
behaves as a harmonic crystal for T ≤ 550 K (suggesting
inefficient ph-ph), transitions to a liquid phase for T ≈
650 K and evolves to a complete disappearance of any
structural correlations for T ≥ 850 K. All these studies
suggest that the interactions between C60 molecules and the
CNTs’ walls are mostly a second order effect. More
recently, sulfur chains inside SWNTs have also demon-
strated enhanced field-emission properties and outstanding
gas-sensing properties [37–39]. In this context, the study of
LCCs’ thermodynamic properties could greatly benefit
other encapsulated 1D systems.
The responses of materials to changing temperatures are

closely related to the lattice thermal expansion (LTE) and
anharmonic effects [27–32]. The former is associated with
electron-phonon couplings (e-ph) and the latter is associ-
ated with ph-ph. Usually, ph-ph renormalize phonon
energies, playing marginal roles in the understanding of
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electronic and thermal properties of materials. When it
comes to thermal properties, LCCs become particularly
interesting and seem to be ahead of other materials such as
fullerenes and transition metal dichalcogenides (TMDs)
[40–43]. However, detailed studies of e-ph, ph-ph, and
thermal effects on LCCs inside CNTs are still missing.
Recently, theoretical results by Wong et al. reported the
LCC’s coefficient of thermal expansion (CTE) to be around
7.0 × 10−5 K−1 [44], which is much higher than that of
CNTs [45], graphene [46], TMDs [47,48] and hexagonal
boron nitride [49]. In fact, very little has been explored
about LCCs’ temperature-dependent phenomena, and
important works available in the literature are theoretical
simulations [4,8,41]. In 2016, Shi et al. studied LCCs
inside DWCNT and showed that the C-band linewidth
(lifetime) of LCCs increases (decreases) with increasing
temperature [1]. They explained their findings in terms of
ph-ph and interactions between LCCs and the DWCNTs’
inner walls, despite their weak van der Waals interactions
[22,33–35,50–52]. To the best of our knowledge, there is
no quantitative temperature-dependent study on ωLCC and
its connection to thermodynamic observables.
In this Letter, the ωLCC temperature dependence of

distinct LCCs is used as a direct probe to their thermody-
namic observables in a wide range of temperatures, showing
that fundamental thermodynamic relations follow universal
behaviors that only depend on T and N. Our findings show
that these true one-dimensional systems are well described
by the Debye model even for T at and above 300 K,
indicating that ph-ph are negligible indeed.
The LCCs encapsulated by multiwalled CNTs

(LCC@MWCNTs) were synthesized using arc discharge
[19], while the LCCs encapsulated by double-walled CNTs
(LCC@DWCNTs) were synthesized using catalyzed
chemical vapor deposition [53,54]. The MWCNTs’ purity
with regard to nanoparticles is ≈80% with average diam-
eters (length) of 10.4 nm (2.3 mm). The DWCNTs’
synthesis yielded over 95% of highly pure and crystalline
DWCNTs with an outer diameter of ≈1.6 nm. The encap-
sulated LCCs were then obtained by submitting the
DWCNTs to thermal treatment for 30 min at 1500 °C in
a graphite furnace containing high purity argon gas. The
LCC@CNTs filling ratio is ≈80% [19,53,54]. The samples
were dispersed in acetone and sonicated for 2 h and then
drop casted onto a Si wafer of ≈1 cm2 area. Raman spectra
were acquired with a 50× objective in a backscattering
geometry using an Andor iDus 401 series CCD coupled to
a Shamrock spectrometer (1200 lines/mm grating; spectral
resolution of ≈� 0.5 cm−1). Samples were resonantly
excited with 532 (2.33) and 632 nm (1.96 eV) lasers under
constant power density of 0.25 mW=μm2.
The correlation between LCC’s C-band frequency

and N indicates LCCs with 36 to 86 carbon atoms in
LCC@MWCNTs and LCCs with 35 to 39 carbon atoms in
LCC@DWCNTs [1,7,11,17,21,23,55]. Representative

Raman spectra at 300 K and C-band spectra fitted with
Lorentzian curves are shown in Figs. S1(a)–S1(c), Sec. S1 in
the Supplemental Material [56]. The MWCNTs host six
distinct LCCs and the DWCNTs host four distinct LCCs.
For LCC@MWCNTs, each LCC is labeled LCCMW

i (i ¼ 1,
2, 3, 4, 5, and 6), where i ¼ 1 (i ¼ 6) represents the longest
(shortest) LCC. Their respective room-temperature frequen-
cies are ωMW

LCC1
¼ 1796.0 , ωMW

LCC2
¼ 1804.0 , ωMW

LCC3
¼

1839.0 , ωMW
LCC4

¼ 1843.0, ωMW
LCC5

¼ 1854.0 , and ωMW
LCC6

¼
1863.0 cm−1. Similarly, for the LCC@DWCNTs, each
LCC is labeled LCCDW

1 (longest LCC) and LCCDW
4 (shortest

LCC), whose frequencies are ωDW
LCC1

¼ 1852.0 , ωDW
LCC2

¼
1856.0,ωDW

LCC3
¼ 1860.0, andωDW

LCC4
¼ 1863.0 cm−1. The T

dependence of ωMW
LCCi

and ωDW
LCCi

shows that ωLCCðTÞ ¼
ω0
LCC − ðd2ωLCC=dT2ÞT2, where ω0

LCC is the frequency at
0 K [Figs. S2(a)–2(c), Sec. S1 in the Supplemental Material
[56] ]. In the case of inefficient ph-ph, ΔωLCCðTÞ ¼
ωLCCðTÞ − ω0

LCC [see Fig. 1(a)] will depend mostly on
LTE, being directly linked to observables such as specific
heat [cvðTÞ], coefficient of thermal expansion—CTE
[αðTÞ], thermal strain (εT), and the Grüneisen parameter
(γP) (P ¼ constant pressure).
The literature [20–23,33–36,52] has shown that (i) 1D

chains of atomsormolecules are independent of force fields in
the CNTs’ radial direction [33–36]; (ii) spectral features from
thehostingCNTsandLCCs are independent, even under high
pressures [20–23]. The CNTs provide conditions that are
sufficient to stabilize the LCCs and inhibit transversal
vibrations but not sufficient to entangle CNTs and LCCs
properties; and (iii) interactionsbetweendistinctLCCsarenot
strong enough to affect their structures even at high pressures
[20–23]. Therefore, transverse vibrations and mutual inter-
actions between distinct LCCs, and LCCs and CNTs are
second order effects. These, together with inefficient ph-ph,
lead us to hypothesize that (i) LCCs are truly 1D Debye
materials even at T ¼ 300 K [note that most materials are
well described within the Debye formalism only at very low
temperatures (T ≪ 300 K) [57,58] ]; (ii) any phonon fre-
quency variation with T is connected solely with lattice
expansion or contraction; and (iii) since ph-ph are inefficient,
γP is T independent.

The Debye model does not take into account ph-ph and it
is known to work very well for temperatures such that
TD=T → ∞, where TD is the Debye temperature. The
Debye temperature is proportional to the maximum excit-
able phonon frequency obtained from phonon density of
states or dispersion [57,58]. For LCCs, the maximum
excitable phonon frequency is set by ωLCC, resulting in
TD ¼ TLCC ¼ ℏωLCC=kb between 2584 (longest LCC) and
2680 K (shortest LCC), where kb is the Boltzmann constant
and ℏ ¼ h=2π (h is Planck’s constant). Under the Debye
model formalism (DMF), the canonical partition function
for LCCs is given by (Sec. S2 in the Supplemental Material
[56] for additional details)
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LnZ ¼ −N T
TLCC

Z
TLCC=T

0

Ln½1 − expð−xÞ�dx; ð1Þ

where x ¼ ℏωph=kbT ¼ Tph=T, ωph is the phonon fre-
quency, and Tph is the phonon equivalent temperature.
Upon integration by parts, Eq. (1) becomes

ln Z ≈ N
T

TLCC

Z
TLCC=T

0

x
ex − 1

dx: ð2Þ

For T ≪ TLCC, TLCC=T → ∞ and Eq. (2) is simplified to

LnZ ≈ N
T

TLCC

Z
∞

0

x
ex − 1

dx ¼ N
T

TLCC

�
π2

6

�
¼ Nkbπ2

6ℏ
T

ωLCCðTÞ
; ð3Þ

where
R
∞
0 ½x=ðex − 1Þ�dx ¼ π2=6. In our experiments, the temperature variation is not sufficiently large to take LCCs out of

the harmonic oscillation regime but it is sufficient to renormalize ωLCC leading to important T-dependent corrections with
increasing T. Therefore, the LCCs’ internal energy per N, uðTÞ, cvðTÞ; and αðTÞ must contain one term representing the
Debye approximation plus corrections involving derivatives of ωLCCðTÞ. This way uðTÞ is

uðTÞ ¼ kbT2

N
dðLnZÞ
dT

¼ k2bπ
2

6ℏ
T2

ωLCCðTÞ
�
1 − T

ωLCCðTÞ
dωLCC

dT

�
: ð4Þ

FIG. 1. Representative experimental results for LCCs (N ¼ 35, 39, 45, and 86): (a) experimental ΔωLCCðTÞ evolution with T. (b) The
energy per N, uðTÞ, presents a quadratic, universal, and unified behavior with T; (c) αðTÞ shows a linear universal behavior with T,
where LCCs with N from 35 to 45 atoms present very similar αðTÞ. For N ¼ 86, however, αðTÞ increases at a slightly higher rate with
increasing T. (d) The heat capacity perN, cvðTÞ, presents a linear, universal, and unified behavior with T. (e) A T2 universal dependence
is observed for the thermal strain εTðTÞwithN from 35 to 45 atoms presenting very similar εTðTÞ, while forN ¼ 86 εTðTÞ increases at a
slightly higher rate with increasing T; (f) Every LCC presents a distinct linear dependence of εT with ΔωLCCðTÞ. The curves show the
predictions of the pure Debye model (solid lines) compared with the model proposed (dashed lines) and the insets in (a)–(f) suggest that
for temperatures 300 K ≤ T ≤ 700 K the observables evolve more slowly with increasing T. Figures S3 and S4 in the Supplemental
Material [56] show the results including all the 10 LCCs measured in this work.
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Figure 1(b) shows that uðTÞ is size independent. Equation (4) leads to the heat capacity per N-cvðTÞ:

cvðTÞ ¼
du
dT

¼ ðkbπÞ2
3ℏ

T
ωLCCðTÞ

�
1 − 2

T
ωLCCðTÞ

dωLCC

dT
þ T2

ω2
LCCðTÞ

��
dωLCC

dT

�
2 − ωLCC

2

d2ωLCC

dT2

��
; ð5Þ

with αðTÞ given by [56–59]

αðTÞ ¼ − δ

2Θ2

cvðTÞ
aC-C

¼ 42ðkbπÞ2
3ℏma2c-c

T
ω3
LCCðTÞ

�
1 − 2

T
ωLCCðTÞ

dωLCC

dT
þ T2

ω2
LCCðTÞ

��
dωLCC

dT

�
2 − ωLCC

2

d2ωLCC

dT2

��
; ð6Þ

where ac-c ¼ 1.37 Å is the average C-C distance. The parametersΘ and δ are obtained from the second and third derivatives
of the series expansion:

UðRÞ ≈ Uðac-cÞ þ
�
dU
dR

�
R¼ac−c

ðR − ac−cÞ þ
1

2

�
d2U
dR2

�
R¼ac−c

ðR − ac−cÞ2 þ
1

6

�
d3U
dR3

�
R¼ac−c

ðR − ac−cÞ3 þ � � � ;

where UðRÞ ¼ ε½ðac−c=RÞ12 − 2ðac−c=RÞ6� is the
Lennard-Jones potential (LJ) (R corresponds to the
C-atom coordinate and ε is the potential depth). The LJ
is chosen based on recent calculations byWang and Lin [8],
whose work describes LCCs’ phonon dispersions
quite accurately by modeling single and triple carbon
bonds using such potential. Therefore, ðdU=dRÞR¼ac-c ¼ 0,
1
2
ðd2U=dR2ÞR¼ac-c ¼ 1

2
ð72ε=a2c-cÞ and 1

6
ðd3U=dR3ÞR¼ac-c ¼

1
6
ð−1512ε=a3c-cÞ. The second derivative is associated

with the spring-mass harmonic potential. This means
that Θ ¼ 1

2
ðd2U=dR2Þ ¼ m½ωLCCðTÞ�2=2, δ ¼ −

21m½ωLCCðTÞ�2=ac-c and ε ¼ mR2
mðω0

LCCÞ2=72. With
ωLCCðTÞ and dωLCC=dT ¼ −2ðd2ωLCC=dT2ÞT we calcu-
late uðTÞ, cvðTÞ, αðTÞ, and εðTÞ for each LCC.
The experimental αðTÞ [Fig. 1(c)] and cvðTÞ [Fig. 1(d)]

endorse that LCCs are well described under DMF.
Multiwalled CNTs [60], graphene [46], bilayer graphene
[46], and graphite [61] (quasi-one-, two-, and three-dimen-
sional sp2 materials, respectively) present negative αðTÞ
and ph-ph are fundamental to understand their ΔωðTÞ even
for the temperatures in the range 0 K ≤ T ≤ 300 K. Here,
we see that for LCCs (sp materials) these dependencies are
modified: αðTÞ is always positive and linearly dependent
on T with a value of 5.0 × 10−5 K−1 (4.5 × 10−5 K−1) at
300 K for the longest (shortest) chains, which is close to
those reported for SWCNTs [αðTÞ ¼ 2 × 10−5 K−1 at
300 K] [62] and 10× higher in magnitude than the value
reported for graphene [αðTÞ ¼ −8.1 × 10−6 K−1 at 300 K]
[46]. These values are in remarkably good agreement with
the theoretical prediction of 7 × 10−5 K−1 by Wong et al.
[44]. To the best of our knowledge, we present the first
experimental evaluation of the LCCs’ cvðTÞ, which shows
a unified linear dependence with T. The value 0.25 J=gK
found at 300 K is close to those for graphite (0.7) and
graphene (0.5 J=gK) [63,64]. We note that 0.25 J=gK is 4.6

times smaller than the value 1.16 J=gK predicted by Zhang
et al. [4], who performed first-principles calculations for
very short LCCs having a (5, 5) carbon nanotube as
reference (non-negligible boundary conditions), what could
explain such discrepancy.
The heat extracted from the LCCs leads to their

shrinkage, which changes the LCCs’ T-dependent internal
pressure. This internal pressure is associated with both the
system’s entropy and thermal strain (εT). The thermal strain
possesses a T2 dependence [Fig. 1(e)] in excellent analogy
with the P2 dependence observed by Sharma et al. [22].
Therefore, in terms of behaviors, strains caused by either T
or P differ only in magnitude. In Fig. 1(f), εT is plotted
against ΔωLCCðTÞ. The graphic shows the linear behavior
expected for small magnitude strains [22,57,58], which
allow us to conclude that, for a given εT , larger LCCs
experience larger ΔωLCCðTÞ, in further agreement with
Sharma et al. [22].
For inefficient ph-ph,ΔωðTÞ should be fully described in

terms of the LTE as

ΔωLTEðTÞ ¼ ω0
LCCðe−γP

R
dε − 1Þ; ð7Þ

where dε ¼ αðTÞdT is the thermal strain between T and
T þ dT. Therefore, if our hypotheses are correct, by using
the observables described in Eqs. (4)–(6), Eq. (7) should be
equivalent to the obtained empirical relation ΔωLCCðTÞ ¼
−ðd2ωLCC=dT2ÞT2 using γP as a fitting parameter. In the
quasiharmonic regime there is no substantial distinction
between the values of γP and γT (Grüneisen parameter at
constant T), i.e., Δγ ≈ 0 [65]. As shown in Fig. 01(a),
Equation 07 fits the experimental ΔωLCCðTÞ with γP
ranging from 0.42 (shortest LCC) to 0.79 (longest LCC).
These values agree with γT found in our previous work
[22], which endorses the ph-ph inefficiency. Note that
Sharma et al. [22] also showed that smaller LCCs present
smaller γT in the quasiharmonic regime.
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The ph-ph inefficiency, the successful description of
LCCs’ properties within DMF for T≤300 K, and the T-
independent values of γP indicate that the corrections
proposed are valid as long as the Debye temperature
TLCC is much larger than an upper limit (Tmax) after
which the approximation TLCC=T → ∞ fails. Inspection
of Eq. (2) shows that the LnZ behavior is determined by
the integrand x=ðex − 1Þ, which is most relevant for x
between 0 and 4, as seen in Fig. 2(a). This way Tmax is
determined such that TLCC=Tmax ¼ 4, which means that
Tmax ¼ TLCC=4 ≈ 700 K. For T ≤ 300 K the correction
terms are negligible for every observable but for 300 K <
T < 700 K (see insets in Fig. 1), the corrections become
increasingly important. Our model predicts that ΔωLCCðTÞ
decreases at a slower rate with changing T [inset in
Fig. 1(a)], while αðTÞ and cvðTÞ increase at a slower
rate in comparison with the pure Debye model [insets in
Figs. 1(c) and 1(d), respectively]. The magnitude of the
corrections depends on d2ωLCC=dT2 and, consequently, on
N [Fig. 2(b)]: the bigger the N the larger the correction.
This is expected since the LCCs’ thermal properties are
connected to the intrinsic character of both single and triple
bonds, which assume effective values reflecting the size of
each LCC (see Sec. S3 in the Supplemental Material for
additional details [56]).
As shown in Fig. 2(b), both γP and d2ωLCC=dT2 display

universal dependences on N given by γPðNÞ ¼
ln ðN − 20Þ0.18 and d2ωLCC=dT2 ¼ Aþ B=N (A ¼
−1.63 × 10−4 cm−1K−2 and B ¼ 35 × 10−4 cm−1K−2),
respectively. The d2ωLCC=dT2 relation with N lead us to
the ωLCCðN; TÞ universal relation

ωLCCðN; TÞ ¼ ω0
LCCðN; 0Þ −

�
Aþ B

N

�
T2; ð8Þ

where ω0
LCCðN; 0Þ ¼ ð1757þ 3980=NÞ cm−1 [17], see

Fig. 2(c). The results for ΔωLCCðTÞ also show that the
LCCs’ hosts do not influence the LCC’s responses to T
(Fig. S5 in the Supplemental Material [56]). The
differences in the values observed for αðTÞ, cvðTÞ, and
ΔωLCCðTÞ comparing the solid (pure Debye model) and the
dashed curves (pure Debye modelþ corrections) in
Figs. 1(a)–1(d) allowed us to rewrite Eqs. (5)–(7) in terms
of N and T. Such description is advantageous since it is
now possible to predict the thermal properties of any chain
at any 0 K ≤ T ≤ 700 K:

αðN; TÞ ¼ 985
T

ω3
LCCðN; TÞ − ð3.22 × 10−10Þ

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT − 300Þ3ðN − 20Þ

q
; ð9Þ

cvðN; TÞ ¼ ð1.6 × 10−3Þω2
LCCðN; TÞαðN; TÞ; ð10Þ

where ωLCCðN; TÞ is given by Eq. (8). Equations (9) and
(10) allow for the determination of εTðN;TÞ¼R

αðN;TÞdT
and uðN;TÞ¼R

cvðN;TÞdT. Finally, ΔωLCCðN; TÞ ¼
−ðd2ωLCC=dT2ÞT2 þ ΔðN; TÞ, which gives

ΔωLCCðN; TÞ ¼ −
�
Aþ B

N

�
T2 ¼ ð5.24 × 10−7Þ

× ðT − 300Þ2ðN − 20Þ; ð11Þ

where ΔðN; TÞ ¼ ΔωCorr
LCC − ΔωDebye

LCC is the difference
between ΔωCorr

LCC [dashed lines in Fig. 1(a)] and ΔωDebye
LCC

[solid lines in Fig. 1(a)]. The inset in Fig. 2(c) shows the
representative case for ΔðN; 700Þ.
In summary, the Letter focuses on the thermodynamic

observables associated with LCCs and shows that due to

FIG. 2. (a) The distribution function x=ðex − 1Þ with x ¼ Tph=T leads us to identify the high-temperature limit (Tmax) of the model.
The distribution is most relevant for 0 ≤ x ≤ 4, which implies that Tmax ¼ TLCC=4 ≈ 700 K (see inset). (b) Universal dependences with
N for both γPðNÞ ¼ ln ðN − 20Þ0.18 (red solid lines) and d2ωLCC=dT2 ¼ Aþ B=N (blue solid line with A ¼ −1.63 × 10−4 cm−1 K−2
and B ¼ 35 × 10−4 cm−1 K−2). The symbols (red circles and blue diamonds for γP and d2ωLCC=dT2, respectively) represent the
experimental data. (c) ω0

LCCðN; 0Þ ¼ ð1757þ 3980=NÞ cm−1, where ω0
LCCðN; 0Þ is the C-band frequency at T ¼ 0 K. The open circles

represent the experimental data. The inset shows a representative case at T ¼ 700 K for ΔðN; TÞ ¼ ΔωCorr
LCC − ΔωDebye

LCC , which shows

how the difference between ΔωCorr
LCC proposed here [dashed lines in Fig. 1(a)] and ΔωDebye

LCC [solid lines in Fig. 1(a)] progresses with N.
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inefficient ph-ph, ωLCC acts as a direct probe to the LCCs’
thermal properties. Most materials are well described
within DMF only at very low temperatures, but our results
show that LCCs are well explained by DMF even at room
temperature and likely for temperatures as high as 700 K.
By observing the temperature dependence of ΔωLCCðTÞ,
the thermodynamics associated with LCCs is successfully
discussed, showing that fundamental relations such as
internal energy, specific heat, coefficient of thermal expan-
sion, and thermal strain present (N, T)-dependent universal
behaviors. We present a simple semiempirical approach
that is in excellent agreement with theoretical results in the
literature and useful to other 1D systems.

This material is based upon work supported by the
National Science Foundation under Grant No. [1848418].
P. T. A., K. S., N. M. B. N., N. L. C., and A. R. P. acknowl-
edge both the American Physical Society (APS) and the
Brazilian Physical Society (SBF–Portuguese acronym) for
supporting this research through the Brazil-U.S. Ph.D.
Exchange program. Y. A. K. acknowledges financial
support from a National Research Foundation of Korea
(NRF) grant funded by the Korea government (MSIP)
(No. 2017M3A7B4014045). A. R. P. would like to thank
UFC CAPES-PrInt research proposal for the financial
support in the scopes of 01/2018 and 41/2017 public calls
from UFC and CAPES, respectively.

*These authors contributed equally to this work.
†Corresponding author.
barbosaneto@ufpa.br

‡Corresponding author.
paschoal@fisica.ufc.br

§Corresponding author.
ptaraujo@ua.edu

[1] L. Shi, P. Rohringer, K. Suenaga, Y. Niimi, J. Kotakoski,
J. C. Meyer, H. Peterlik, M. Wanko, S. Cahangirov, A.
Rubio, Z. J. Lapin, L. Novotny, P. Ayala, and T. Pichler,
Confined linear carbon chains as a route to bulk carbyne,
Nat. Mater. 15, 634 (2016).

[2] A. Hirsch, The era of carbon allotropes, Nat. Mater. 9, 868
(2010).

[3] X. Zhao, Y. Ando, Y. Liu, M. Jinno, and T. Suzuki, Carbon
Nanowire Made of a Long Linear Carbon Chain Inserted
Inside a Multiwalled Carbon Nanotube, Phys. Rev. Lett. 90,
187401 (2003).

[4] Y. Zhang, Y. Su, L. Wang, E. S. Kong, X. Chen, and Y.
Zhang, A one-dimensional extremely covalent material:
Monatomic carbon linear chain, Nanoscale Res. Lett. 6,
577 (2011).

[5] C. Zhao, R. Kitaura, H. Hara, S. Irle, and H. Shinohara,
Growth of linear carbon chains inside thin double-
wall carbon nanotubes, J. Phys. Chem. C 115, 13166
(2011).

[6] P. Smith and P. R. Buseck, Carbyne forms of carbon: Do
they exist?, Science 216, 984 (1982).

[7] A. K. Nair, S. W. Cranford, and M. J. Buehler, The minimal
nanowire: Mechanical properties of carbyne, Europhys.
Lett. 95, 16002 (2011).

[8] M. Wang and S. Lin, Ballistic thermal transport in carbyne
and cumulene with micron-scale spectral acoustic phonon
mean free path, Sci. Rep. 5, 18122 (2015).

[9] Z. Wang, X. Ke, Z. Zhu, F. Zhang, M. Ruan, and J. Yang,
Carbon-atom chain formation in the core of nanotubes,
Phys. Rev. B 61, R2472 (2000).

[10] L. Moura, L. Malard, M. Carneiro, P. Venezuela, R. B.
Capaz, D. Nishide, Y. Achiba, H. Shinohara, and M.
Pimenta, Charge transfer and screening effects in polyynes
encapsulated inside single-wall carbon nanotubes, Phys.
Rev. B 80, 161401(R) (2009).

[11] L. Shi, P. Rohringer, M. Wanko, A. Rubio, S. Waßerroth, S.
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