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Besides graphite, diamond, graphene, carbon nanotubes, and fullerenes, there is another allotrope of carbon, carbyne,
existing in the form of a one-dimensional chain of carbon atoms. It has been theoretically predicted that carbyne would
be stronger, stiffer, and more exotic than other materials that have been synthesized before. In this article, two kinds of
carbyne, i.e., cumulene and polyyne are investigated by the first principles, where the mechanical properties, electronic
structure, optical and phonon properties of the carbynes are calculated. The results on the crystal binding energy and the
formation energy show that though both are difficult to be synthesized from diamond or graphite, polyyne is more stable
and harder than cummulene. The tensile stiffness, bond stiffness, and Young’s modulus of cumulene are 94.669 eV/A,
90.334 GPa, and 60.62 GPa, respectively, while the corresponding values of polyyne are 94.939 eV/A, 101.42 GPa, and
60.06 GPa. The supercell calculation shows that carbyne is most stable at N = 5, where N is the supercell number, which
indicates that the carbon chain with 10 atoms is most stable. The calculation on the electronic band structure shows that
cumulene is a conductor and polyyne is a semiconductor with a band gap of 0.37 eV. The dielectric function of carbynes
varies along different directions, consistent with the one-dimensional nature of the carbon chains. In the phonon dispersion
of cumulene, there are imaginary frequencies with the lowest value down to —3.817 THz, which indicates that cumulene
could be unstable at room temperature and normal pressure.

Keywords: carbyne, first-principles calculation, electronic structure, physical properties

PACS: 71.15.Mb, 71.15.Nc, 73.90.+f, 78.20.Ci

1. Introduction

A new type of carbon chains, called carbyne,!!! has re-
ceived considerable attention in the community of materi-
als because of its unique mechanical and electronic prop-
erties, and potential for applications in various fields, such
as in nanoelectronic or spintronic devices>”’! and hydrogen
storage.®! The chemical structure of carbyne is a chain of car-
bon atoms that are linked either by alternate triple and sin-
gle bonds (-C=C-)—i.e., polyyne—or by consecutive double
bonds (=C=C=)—i.e., cumulene.l”! Carbyne is something
of a mystery because astronomers believe that they have de-
tected its signature in interstellar space. Chemists, in contrast,
have been bickering for decades over whether they had ever
created this material on the Earth.['% A couple of years ago,
however, chemists successfully synthesized carbyne chains of
up to 44 atoms long in a solution, ') which comprises an im-
portant step towards the realistic application of the material.

The possibility of the realization of stable carbynes in lab-

oratories stimulates considerable theoretical attention and in-
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vestigations. Some interesting features of carbynes have been
revealed and discussed recently from the theoretical side. For
example, it was predicted that carbynes could be stronger,
stiffer, and more exotic than other known materials.['?! How-
ever, to the best of our knowledge, the need of a fully sys-
tematic investigation of the physical properties of carbynes is
still to be met. In this paper, by means of the first-principles
calculations, we systematically study the mechanical proper-
ties, electronic structure, optical and phonon properties of two
kinds of carbynes. A comparison with other results is also
provided. We hope that the work will be helpful in further

understanding caybyne to make good use of it in the future.

2. Computational methodology

First-principles calculations are performed with plane-
wave ultrasoft pseudopotential by means of GGA with PW91
functional as implemented in the Cambridge sequential to-
tal energy package (CASTEP) code.!'3] The ionic cores are

represented by ultrasoft pseudopotential for C atoms. For
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C atom, the configuration is [He]2s?2p?, where the 25> and
2p? electrons are explicitly treated as valence electrons. The
plane-wave cut-off energy is 380 eV, and the Brillouin-zone
integration is performed over the 3x3x10 grid sizes using
the Monkorst—Pack method for structure optimization. This
set of parameters assures the total energy convergence of
5.0 x 107% eV/atom, the maximum force of 0.01 eV/A, the
maximum stress of 0.02 GPa, and the maximum displacement
of 5.0 x 107 A.

In the following sections, we perform calculations on car-
bynes after or without having optimized the geometry struc-
ture by the GGA-PWOI1.

3. Crystal binding energy and formation energy

Crystal binding energy W is defined as the energy dif-
ference (per atom) between the total energy Ej when the crys-
talline is stable for N atoms and the total energy of the N atoms
Ey when they are in a free state; i.e., W = (Exy — Eo)/N. For
covalent crystals, a larger binding energy usually means more
stable structure with higher melting-point and hardness. In
our case, the energy of a free carbon atom is calculated to be
—147.017951 eV. For cumulene, Ey is given by the total en-
ergy of 2 free carbon atoms, while Ey for two carbon atoms is
estimated to be —308.375891 eV. Thus the crystal binding en-
ergy reads W = [(—147.017951) x 2 — (—308.375891)]/2 =
7.1699945 eV. In contrast, for polyyne Ey = —308.378995 eV,
leading to W = 7.1715465 eV. The values of W for cumulene
and polyyne are consistent with previously reported values of
W = 6.99-8.19 eV.!”l We may first conclude that both cumu-
lene and polyyne are stable against free carbons due to posi-
tive W. Second, polyyne is more stable than cumulene with
the energy gain of 1.55 meV per atom. This is consistent
with the fact that the unit structure of cumulene (=C=C=)
is known to undergo a Peierls transition into that of polyyne
(-C=C-).P1

The stability of carbynes can be further examined by
comparing the formation energy Ey with those of other car-
bon allotropes; i.e., diamond and graphite. The crystal forma-
tion energy Ey, is that the total energy of the covalent crystal,
Ey, subtracts total energy of the element crystalline. The to-
tal energy of diamond and graphite for two carbon atoms are
calculated to be —309.873429 eV and —310.129136 eV, re-
spectively. We can see that they are lower than Ef for both
cumulene and polyyne, which underlines the difficulty of syn-
thesizing carbynes from diamond or graphite. The significant
energy difference also indicates a possible instability of car-

bynes at room temperature.

4. Mechanical properties

4.1. Cumulene

4.1.1. Tensile stiffness

The most basic mechanical property of the carbyne chain

is its tensile stiffness, which is defined as
_10%E
ade?’

where a is the unit cell length (2.565 A), E is the strain en-

ergy per two C atoms, and € is the strain. As shown in Fig. 1,

ey

fitting our numerical data to Eq. (1) by a second-order polyno-
mial yields a tensile stiffness of C = 94.669 eV/A, which is in
agreement with earlier work, C = 95.56 eV/A 11!

—306.5
= —307.0}
~
>
0
g
g —307.5}
[
B
o
S —308.0} \
L)
—308.5 :

—0.15 —0.10 —0.05 0 0.05 0.10 0.15

Tensile strain

Fig. 1. (color online) The dependence of the total energy on stretch
strain for cumulene. Black dots are numerical results and the red curve
is fitting with second-order polynomial.

4.1.2. Bond stiffness

Another mechanical property is the bond stiffness, which
describes the change of the bond length between neighboring
carbon atoms (d) with respect to an applied pressure (P). Tak-
ing the bond length at ambient pressure Fy to be dy, we expand
the relative bond length (d/dy) up to the second order of P,

d/dy = Co+C\P+CrP. 2

The coefficients in Eq. (2) are determined by fitting the calcu-
lated d/dy to a polynomial. The chemical bond stiffness K is
given by

-1

d(d/d _
K:’<d§)0) = |C)+26,P 7" 3)

Figures 2(a) and 2(b) show the first-principles results of the
hydrostatic pressure dependence of the relative bond length
d/dy and the bulk modulus B in cumulene, respectively. The
red curves are produced by a second-order polynomial fitting.
In Fig. 2(a), we obtain the value of the chemical bond stiffness
K for cumulene to be 90.334 GPa. In Fig. 2(b), we can observe
that the bulk modulus B increases with the pressure. When P
is about 1 GPa, B reaches 1531.4 GPa. The above data show
that cumulene is very stiff, even among the carbon materials;
e.g., the bulk modulus of diamond is about 600 GPa, and the
value of cumulene is more than 1500 GPa.

117101-2



Chin. Phys. B Vol. 27, No. 11 (2018) 117101

1.005

1.000f

0.995

0.990

Relative bond length

0.985

0 02 04 06 08 1.0
Hydrostatic pressure/GPa

1s30f P )

1520

Bulk modulus/GPa

1510

0.8 1.0

0 0.2 0.4 0.6
Hydrostatic pressure/GPa

Fig. 2. (color online) (a) The relative bond length d /dy and (b) the bulk
modules B as a function of hydrostatic pressure for cumulene.

4.1.3. The relationship between stress and strain

The relation between stress and strain in cumulene can be
studied from two aspects—i.e., either by studying the response
of the bond length to different loads applied to the chain (as
in Fig. 3)—or by determining the consequent stress values
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Fig. 3. (color online) (a) The strain and (b) the bulk modulus of cumu-
lene as a function of tensile stress.

following the change of the bond length (as in Fig. 4). It can
be observed in Fig. 3 that the strain increases almost linearly
with the applying stress up to 2.5 GPa, while the linearity of
the decrease in the bulk modulus with the tensile stress is also
plain in Fig. 3(b). From Fig. 4, the monotonic increase (though
not linearly) of the tensile stress with respect to the extending
of the bond length can be observed.

The Young’s modulus of cumulene can be calculated from

Fig. 3(a) as

o 2.5GPa

E =

(a)
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w
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Fig. 4. (color online) The tensile stress of cumulene as a function of (a)
the cell length or (b) strain.

4.2. The mechanical properties of polyyne

In this subsection, we move to the discussion of the me-
chanical properties of polyyne. We first calculate the tensile
and bond stiffness of polyyne using the same method as in
cumulene. The results for the strain dependence of the total
energy and band gap are shown in Fig. 5. The tensile stiff-
ness can be obtained from Fig. 5(a) which turns out to be
94.939 eV/A, which coincides well with other results; e.g.,
95.56 eV/A in Ref. [12]. From Fig. 5(b), we can see that
the band gap decreases with the increase of the bond strain
or the bond length. We obtain the chemical bond stiffness K
in polyyne to be 101.42 GPa.
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Fig. 5. (color online) (a) The total energy and (b) band gap as a function
of strain.
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Fig. 6. (color online) (a) The total energy and (b) the band gap of
polyyne as a function of the fractional coordinate without geometry op-
timization.

For polyyne, we are especially interested in the change
of the mechanical properties with respect to the fractional co-
ordinate of the mid-carbon atom. In the unit cell of polyyne,
regarding the two fixed ends, the fractional coordinate mea-
sures the relative position of the mid-carbon atom (here the

length is 0.2566 nm). In doing this, we perform the calcula-
tion without geometry optimization (otherwise with the appli-
cation of geometry optimization, polyyne will automatically
change into cumulene). The results of the total energy and the
band gap as a function of fractional coordinate are shown in
Fig. 6. We can see that both the total energy and the band
gap decrease monotonically with the increase of the fractional
coordinate of the mid-carbon atom from 0.40 to 0.50. More-
over, the linear dependence of the band gap on the fractional
coordinate can be observed. When the fractional coordinate
of the mid-carbon atom reaches 0.5—i.e., polyyne turns into
cumulene—the total energy reaches its minimum value and
at the same time the band gap is zero by extrapolation. We
may conclude that cumulene is a conductor while polyyne is
a semiconductor. From the point of view of the total energy,
cumulene seems to be more stable than polyyne when the cell
size is kept unchanged. However, if the cell size can be opti-
mized, then polyyne would be more stable than cumulene, as
narrated in Section 3.
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Fractional coordinates

Band gap/eV

0.42 0.44 0.46 0.48
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0
0.40 0.50

Fig. 7. (color online) (a) The total energy and (b) band gap of cumulene
as a function of the fractional coordinate without geometry optimiza-
tion.

A similar calculation starting from the side of cumulene
without geometry optimization can also be performed. The re-
sult shows little quantitative difference compared with the case
of polynne. We can see from Fig. 7 that both the total energy
and the band gap decrease monotonically with the increase of
the fractional coordinate of the mid-carbon atom from 0.40 to
0.50. Moreover, the linear dependence of the band gap on the

117101-4



Chin. Phys. B Vol. 27, No. 11 (2018) 117101

fractional coordinate can be observed. When the fractional co-
ordinate of the mid-carbon atom is 0.4, the length between the
mid-carbon atom and the end-carbon atom is 0.15396 nm, very
similar to the shortest-bond length in diamond (0.1544 nm). It
is well-known that diamond is a semiconductor and its band
gap is 5.47 eV. When the fractional coordinate of the mid-
carbon atom is 0.4, the band gap is about 5.415 eV in the
polyyne, as shown in Fig. 6(b).

5. Effect of the supercell number

In this section, we discuss the impact of the adopting su-
percell number on the properties of polyyne and cumulene
in our first-principles calculation. The results on polyyne
are shown first, where the supercell number increases from

Ix1x1 to 1x1x9. It is no surprise that the cell length lin-

25

(a)
20|

15 F

10+

Cell length/A

1510

1505 R

1500 |

1495 |

Bulk modulus/GPa

1490

N

early increases with the supercell number N (Fig. 8(a)). How-
ever, there are plain even—odd oscillations in the band gap,
bulk modulus, and the final energy with respect to the change
of the supercell number N (in Figs. 8(b)-8(d)). In more detail,
at N =5, the final energy reaches its global minimum, and at
the same time the band gap and the bulk modulus reach their
maximums. Meanwhile, at either N =4 or N = 6, the situation
is reversed. We may conclude that the system is most stable
when the supercell number N =5 in the parameter regime that
we are working with.

The results for the effect of the supercell number in cu-
mulene after geometry optimization are summarized in Fig. 9.
The size of the supercell also changes from 1 x 1 x 1 to
1 x 1 x 9. Similar even—odd oscillations can be found. Based
on the same arguments, we conclude that for cumulene, N =5
is also most stable.

0.5

(b)
0.4}

0.3F

0.2F

Band gap/eV

0.1F

—307.5

(d)

—308.0

—308.5

Final energy/eV

—309.0

N

Fig. 8. (color online) (a) The cell length, (b) band gap, (c) bulk modulus, and (d) final energy in polyyne changing with the supercell

number N.
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Fig. 9. (color online) The changes of (a) the band gap and (b) total energy in cumulene with the supercell number.
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In the following calculation, we set the supercell of
polyyne to be 1 x 1 x5 because it is the most stable con-
figuration. We study the deformation under the unidirec-
tional tensile stress. The calculation parameters are set as
c=2.566 x5 =12.830 A, GGA-PW91, ultrafine, modulus-
conserving, 72 empty bands, while keeping the fractional co-
ordinates of the mid-carbon atoms, three right angles, and a/b
cell length unchanged. With the pull value (tensile stress)

growing from 0 to 2.5 GPa, we obtain the band gap, bulk

(a)
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=309
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modulus, final energy, and strain of polyyne after geometry
optimization. The results are shown in Fig. 10.

From Fig. 10, we can see that with the increase of tensile
stress, the band gap (Fig. 10(a)), bulk modulus (Fig. 10(b)),
and final energy (Fig. 10(c)) decrease linearly, while the strain
increases (Fig. 10(d)). From Fig.10(d), we can obtain Young’s
modulus as 60.06 GPa for the polyyne supercell, equal to the

unit cell.
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Fig. 10. (color online) (a) The band gap, (b) bulk modulus, (c) final energy, and (d) strain of polyyne changing with tensile stress.
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Fig. 11. (color online) (a) The cell length, (b) band gap, (c) stress, and (d) final energy of polyyne changing with strain.
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Next, similar to the discussion for cumulene in Section
4.2, we study the response of polynne under the application of
strain. The calculation parameters are set as co = 2.566 X 5 =
12.830 A (c = 12.770581 A after geometry optimization),
GGA-PWOI1, ultrafine, modulus-conserving, 72 empty bands,
and at the same time we keep the fractional coordinates of the
mid-carbon atoms, three right angles, and a/b cell length un-
changed. With ¢, length changed from 12 to 14 A under the
strain, we obtain the corresponding values of the cell length,
band gap, stress, and final energy after geometry optimiza-
tion, as shown in Fig. 11. From Figs. 11(a) and 11(b), the
linear dependence of the cell length and the band gap on the
strain (up to an increment of 15%) can be observed. On the
other hand, the deviation from the linear dependence between
stress and the applied strain is clear in Fig. 11(c). Further-
more, in Fig. 11(d) for the final energy, we can see that it is

a non-monotonic function of strain and has a minimum when

15

i f‘>§

Energy/eV
=

~_|
sl

G

G F Q

no strain is applied, which corresponds to ¢ = 12.770581 A
after geometry optimization. It seems that we can say that the

system is stable with zero applied strain.

6. Electronic structure, optical and phonon
properties of cumulene

6.1. Electronic structure of cumulene

The band structure along high-symmetry points in the
Brillouin zone and the density of states (DOS) are shown in
Fig. 12. No band gap is observed, indicating that cumulene is
a conductor. The total DOS is presented in Fig. 12(b). We can
divide the valence-band regime into three parts, i.e., the low-
est region between —16 eV~ —12.5 eV, the middle region of
—12.5 eV~ —7.5 eV, and the upper region of —5 eV~ 0 eV,
which mainly come from C 2s, C 2s+2p, and C 2p electrons,

respectively.

15

(b)
104

Energy/eV
=

0 2 4 6 8
Total DOS

Fig. 12. (color online) (a) The band structure along high-symmetry points in the Brillouin zone and (b) the total DOS of cumulene.

6.2. Optical properties

The complex dielectric function € contains a real part &;
and an imaginary part &. The imaginary part &, which is re-
lated to the real part of optical conductivity, can be calculated
from the band structure directly by taking into account inter-
band transitions, while the real part £ can then be obtained by
employing the Kramers—Kronig relations.!'* Figure 13 shows
the average and the orientation dependence of the dielectric
function as a function of photon energy obtained by the GGA,
where (001) is the direction along the chain, and (010), (100)
are transverse directions. From Fig. 13, we can determine the
static dielectric constant (&; at E = 0) of cumulene as 1.02,
and the maximums of the real part and the imaginary part of
the dielectric function, which are 1.155 and 0.213, appear at
9.47 eV and 9.79 eV, respectively. Moreover, the anisotropy of
the dielectric function among (001), (010), and (100) is clearly
observed, which is consistent with the one-dimensional nature

of the carbon chains.

1.2

€1,€2

0.4

0 5 10 15 20 25
Energy/eV

Fig. 13. (color online) The average and the orientation dependence of
the complex dielectric function for cumulene.

6.3. Phonon properties

The low-energy part of the phonon dispersion of cu-
mulene and its DOS obtained by GGA-PW91 are shown in
Fig. 14. The Bradley—Cracknell notation is used for the high-
symmetry points, e.g., G = (0,0,0), O = (0.0,0.0,0.47), and

Z =(0.0,0.0,0.5). Since each unit cell of cumulene contains
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two carbon atoms, there are six vibration modes (including
three acoustic and three optical modes). As shown in Fig. 14,
the six modes are mixed and there is no phonon band gap.
If the phonon dispersion of one material has no negative fre-
quency, then it usually means that it is kinetically stable.[!3]
For cumulene, there are some parts showing negative frequen-
cies with the lowest value down to —3.817 THz, which in-
dicates that cumulene is kinetically unstable and therefore it
could be unstable at room temperature and normal pressure.
Some thermodynamic quantities obtained by GGA-
PWO1, including the enthalpy (which is just the summation of
the Gibbs free energy and a term given by the product of tem-
perature and entropy, 7 *entropy), Gibbs free energy, entropy,

(a)

Frequency/THz

and the heat capacity of the cumulene, are shown in Fig. 15.
From Fig. 15(a), it can be seen that the internal energy of the
cumulene rises slowly with temperature from 20 to 200 K, and
then increases nearly linearly over 200 K. Entropy increases
with temperature. Since the ions polarize each other when they
are close to each other, the relationship line between entropy
and temperature presents certain bending. The Gibbs free en-
ergy decreases with temperature concavely. With the increase
of temperature, the heat capacity (shown in Fig. 15(b)) first in-
creases fast and then slows down, gradually approaching the

Dulong—Petit limit, i.e., C = 3NkV, in the high-temperature

regime.
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Fig. 14. (color online) (a) The low-energy part of the phonon dispersion and (b) the phonon DOS of cumulene obtained by GGA-PW91.
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Fig. 15. (color online) (a) Some thermodynamic quantities and (b) the heat capacity of the cumulene obtained by GGA-PW (the zero

point energy is 0.2599 eV).

7. Electronic structure and optical properties of
Polyyne

7.1. Electronic structure

The band structure along high-symmetry points in the
Brillouin zone and the DOS are shown in Fig. 16. The tiny
band gap with the value of 0.37 eV is observed (Fig. 16(a)),

which indicates that polyyne is a semiconductor. The gap

value, different from the gapless prediction in Ref. [7], coin-
cides with the experimental result (about 0.5 eV).!'®! The total
DOS is presented in Fig. 16(b). There are three parts in the
valence bands; i.e., the lowest region about —20 eV~ —15 eV,
the lower region about —15 eV~ —10 eV, and the upper region
about —6 eV~ 0 eV, which mainly come from C 2s, C 2s+2p,

and C 2p electrons, respectively.
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Fig. 16. (color online) (a) The band structure along high-symmetry points in the Brillouin zone and (b) the total DOS of polyyne.

7.2. Optical properties

Figure 17 shows the complex dielectric function as a
function of photon energy obtained by GGA. We use three
supercells—i.e., 1 x I x 1, 1 x 1 x5, and 1 x 1 x 9—for
polyyene. The dielectric functions for different supercell num-
bers are shown in Fig. 17. We can see that with the increase
of N, the dielectric function shifts toward lower energy as
a whole, yet with no significant change in the shape. For
1 x 1 x 1 supercell, the static dielectric constant (& at E = 0)
is 1.03, and the maximums of the real part and the imaginary
part of the dielectric function are 1.15 and 0.2, respectively.
Their corresponding energy positions, around 2.5 eV, are al-
most identical.
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Fig. 17. (color online) The complex dielectric functions in different
polyyne supercells.

8. Conclusion

We calculate the mechanical properties, electronic band
structure, optical and phonon properties of the two kinds of
carbyne—i.e., cumulene and polyyne—by first principles. The

mechanical properties including the tensile stiffness, bond
stiffness, and Young’s modulus show similar behaviors, while
quantitatively, polyyne turns out to be more stable and harder
than cumulene. The results on the electronic band structure
show that cumulene is a conductor and polyyne is a semicon-
ductor. The supercell calculation suggests that carbyne is most
stable when the supercell number N = 5. The dielectric func-
tion of carbynes varies in different directions, which is con-
sistent with the one-dimensional nature of the carbon chains.
The presence of the imaginary frequencies in the phonon dis-
persion of cumulene indicates that cuamulene might be unstable
at room temperature and normal pressure.
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