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We have designed new structures of carbon allotropes combining mixture of sp (triple
bond) and sp’ (single bond) hybridization through first-principle calculation. These two

structures named Yne-carbon (Y-carbon) and Tetrayne-carbon (TY-carbon), respectively, not

only maintained the cubic structure and space group (Fd.;arn) of diamond but were also
energetically more stable than recently proposed carbon allotrope, T-carbon. A phonon
calculation revealed these structures to be stable, and the nature of the triple bond was
illustrated by the unique phonon spectrum with an eigen-frequency of 2200 cm™'. The band gap
of Y-carbon was found to be larger than that of diamond, whereas the band gap of TY-carbon
was smaller than that of T-carbon, which is closely related to the properties of a carbon
tetrahedron. The existence of triple bonding of carbon is associated with a dimerization

phenomenon due to Peierls instability.
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Carbon is one of the most familiar and important elements in the periodic table. Recently,
there has been renewed interest in carbon allotropes [1-6], which is expected to create
technological breakthroughs that will have significant impacts on future life and industry. The
evaluation of carbon often came with the discovery of carbon allotropes as the synthesis
technology of modern science developed. In 1985, H. W. Kroto ef al. discovered
buckminsterfullerene (Cegp) [1]. This was soon followed by structural identification carbon
nanotubes in 1991 by S. lijima [2]. In 2004, K. S. Novoselov ef al. realized isolation of carbon
allotrope with a two dimensional structure, called graphene [3, 4]. Carbon nanotubes and
graphene with their unique physical properties and highly expected engineering possibilities
have attracted focused attention from academia and industry [5, 6]. Interestingly, the
discoveries of these carbon allotropes can be predicted through theoretical studies. In particular,
design through first-principle calculations is an important method of finding carbon allotropes
that allows us to predict the existence and the properties of carbon allotropes [7-11].
Theoretically-predicted carbon allotropes, such as graphene, onions, diamondoids, peapods and
scrolls have actually been synthesized. Based on this experience, considerable research effort
has been made to assess potential carbon allotropes, such as band gap engineering and strain
engineering [12, 13].

The unique but diverse physical/chemical properties of carbon elements are associated with
the orbital properties of carbon atoms: the 4 electrons in a carbon atom can have sp, sp” and sp’
hybridization. According to the nature of hybridization, a carbon atom can have a 1 dimensional
(1D) (sp hybridization), 2D (sp’ hybridization) and 3D structure (sp’ hybridization). This
unique chemical bonding to structural relationship is strongly related to the diversity of

properties through the range of combinations of hybridizations in actual allotropes [14-16].

Recently, a carbon allotrope with the space group of diamond (ngm), called T-carbon, was
suggested using first-principle calculations [17]. This allotrope was derived by substituting each
atom in diamond with a carbon tetrahedron. The detailed calculations showed that T-carbon is a
stable allotrope of carbon with a lower density (~ 1.50 g/cm’) and semiconducting properties
with a direct band gap of 3.0 eV.

In this study, first-principle calculations were used to develop 3D carbon allotropes by
combining sp (triple bond) and sp® (single bond) hybridization. Two 3D carbon allotropes were
obtained by inserting yne-bonding (triple bonding) into diamond and T-carbon through a
symmetry consideration of the diamond and T-carbon structures. These carbon allotropes were

called yne-carbon (Y-carbon) and tetrayne-carbon (TY-carbon). The structural stability and

2



unique phonon spectrum of Y-carbon and TY-carbon are revealed by the detailed calculations.
The electronic structure of Y-carbon and TY-carbon can be understood by symmetry
considerations and the chemical bonding nature. These two novel carbon allotropes with a
large cavity can be scientifically interesting materials and have broader technological impact.
By filling noble gases such as Xe into their cavities, Y-carbon and TY-carbon will be expected
to increase significantly their stiffness [18]. In addition, they have possibilities to become good
hydrogen gas storage because of the presence of the carbon triple bonds and the cavities [19,
20].

First-principle calculations were performed using the generalized gradient approximation
(GGA) [21] to density functional theory and the projector-augmented-wave method as
implemented in VASP [22, 23]. The 2s*2p” electrons in carbon atom were regarded as valence
electrons. The electronic wave functions were expanded with plane waves up to a kinetic-
energy cutoff of 400 eV except for structural optimization, where a kinetic energy cutoff of 520
eV was applied to reduce the effect of Pulray stress. Momentum space integration was
performed using 8 x 8 x 8 Monkhorst-Pack k-point mesh [24]. With the cubic diamond
symmetry imposed, the lattice constants and internal coordinates were fully optimized until the
residual Hellmann-Feyman forces were <107 eV/A. Calculations of the total energy as a
function of the fixed volume were used to obtain the equation of states, and the internal atomic
coordinate was fully optimized at each given volume. A frozen phonon calculation was applied
to a 2 x 2 x 2 supercell using the phonopy program to obtain the phonon dispersion curve and
phonon partial density of state [25].

Diamond has a unique structure, which is symmetrical in 3D forming a regular tetrahedron

centered on carbon atoms with sp3 hybridization among carbon atoms. The space group of

diamond is Fd3m (space group No. 227) and the possible Wyckoff positions of this space
group are 8a, 8b, 16¢, 32e, 48f, 96g, 96h and 192i, into which an atom may enter. In the
diamond form of carbon, the carbon atoms are located in the 8a (0, 0, 0) sites [26]. For T-carbon,
the space group is the same as diamond but the carbon atoms are located in 32e (x, x, x) sites,
forming a carbon tetrahedron. A simplistic variation of the diamond structure is the formation of
a triple bond between carbon atoms but maintaining the space group symmetry. By inserting
carbon triple bonds, two structures were optimized from diamond and T-carbon, respectively.
Since the triple bond of carbon is called the yne-bond, our two optimized structure can be called
yne-carbon (Y-carbon, derived from diamond) and tetrayne-carbon (TY-carbon, derived from T-

carbon).



Figure 1 shows the structure of two carbon allotropes, Y-carbon and TY-carbon. Figure
I(a) and 1(b) describes the optimized structure of Y-carbon in detail. Although the carbon
atoms in 8a (0, 0, 0) site form sp® hybridization, the carbon atoms located at the vertex 32e
(0.0888, 0.0888, 0.0888) site form sp hybridization. The carbon atoms located at one vertex are
expected to form a triple bond with the carbon atoms located at the other vertex of the
neighboring carbon tetrahedron (indicated in orange color). Figure 1(c) and (d) show the
optimized structure of TY-carbon. In this structure, carbon atoms are located in the 32e
(0.0397, 0.0397, 0.0397) and 32¢ (0.0987, 0.0987, 0.0987) sites. The carbon atoms at the inner
32¢ (0.0397, 0.0397, 0.0397) site form a carbon tetrahedron with sp’ hybridization, whereas the
carbon atoms at the outer 32¢ (0.0987, 0.0987, 0.0987) site are linked to a carbon triple bond
with an intra-carbon network.

The equation of state was calculated to check the equilibrium volume. Figure 2 shows the
total energy per carbon atom as a function of the volume for Y-carbon and TY-carbon at the
GGA level, respectively. Both have one equilibrium point in the equation of state, suggesting
their structural stability in cubic diamond symmetry. For comparison, the equilibrium energy of
T-carbon was also obtained under similar conditions and plotted as a solid line. In the
calculation, the equilibrium total energy per atom of T-carbon, Y-carbon and TY-carbon was -
7.922 eV/atom [17], -8.074 eV/atom and -8.034 eV/atom, respectively. In terms of the total
energy, both Y-carbon and TY-carbon are more stable than T-carbon: the total energy per
carbon atom of Y-carbon and TY-carbon is 152 meV/atom and 112 meV/atom lower than T-
carbon. On the other hand, the total energy of T-carbon, Y-carbon and TY-carbon is higher than
that of diamond and graphite, suggesting the metastable character of these carbon allotropes.
Table I lists the structural parameters optimized through first-principle calculations at the GGA
level.

The dynamic stability of Y-carbon and TY-carbon can be checked using phonon
calculations. Figure 3(a) and 3(b) depict the phonon dispersion and phonon partial density of
state of Y-carbon and TY-carbon, respectively. First of all, there was no imaginary frequency
phonon in both structures, meaning the structural stability of the optimized phase against
symmetry breaking. At the Zone center, Y-carbon has 30 phonon modes (7 triply degenerate
modes, 2 doubly degenerate modes, 2 single modes, and 3 acoustic modes) and TY-carbon has
48 phonon modes (11 triply degenerate modes, 4 doubly degenerate modes, 2 singly degenerate
modes, and 3 acoustic modes). The energy eigenvalue of the phonon mode for the two

structures can be explained easily by considering the bonding nature, i.e. single and triple bond
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of carbon with different carbon-carbon lengths (inter-carbon length are summarized in table 1).
For Y-carbon, the phonon band are characterized by a single bond (~ 1200 cm™) of carbons
with an inter-carbon distance of 1.482 A and by a triple bond (~ 2300 cm™) of carbon with an
inter-carbon distance of 1.209 A. Triple bonding of TY-carbon has a longer inter-carbon
distance of 1.226 A and the phonon band was approximately 2200 cm™', which is a lower
energy than that of the triple bonding in Y-carbon. In contrast to Y-carbon, for TY-carbon,
there were two types of single bonding (see table 1), with an inter-carbon length of 1.510 A and
1.377A, respectively. The longer bonding (1.510 A) is the bonding among carbon atoms in a
carbon tetrahedron, and the shorter bonding (1.377 A) is the bonding between the carbon atoms
of a tetrahedron and the carbon atoms involved in triple bonding.

Because of the two distinct natures of carbon single bonding, the phonon band is split into
two groups; shorter bonding with an energy of approximately 1200-1800 cm™ and longer
bonding with an energy of ~800 cm™. The bonding length of shorter bonding is similar to that
of the double bonding observed in many carbon compounds [27]. The above statement can be
also confirmed from the phonon partial density of state (PPDOS) of Y-carbon and TY-carbon.
For Y-carbon, the carbon atoms located in the 8a (0, 0, 0) site (shown in green line in Fig. 3(a))
are contribute mainly to the phonon at ~ 1200 cm™ and the carbon atoms at the 32e (0.0888,
0.0888, 0.0888) site (shown as orange dashed line in Fig. 3(a)) are contribute mainly to the
phonon with an energy of approximately 2200 cm™. Again for TY-carbon, two distinct carbon
atoms from two different 32e Wychkoff sites contribute to two distinct phonon energy ranges,
as shown in Fig 3(b) (green line and orange dashed lines). Below 590 cm™, one can also find
the external mode of carbon atoms, which is a combination of the single and triple bonding of
carbon atoms in Y-carbon and TY-carbon. In addition, with the exception of the phonon bands
from triple bonding, the phonon spectrum of TY-carbon is quite similar to that of T-carbon and
that of Y-carbon is quite similar to that of diamond [17, 28].

X-Ray diffraction (XRD) is an excellent technique for analyzing newly synthesized
materials. The XRD patterns of Y-carbon and TY-carbon were simulated, and the data is
summarized in figure 4. In this figure, the diamond, T-carbon, Y-carbon, and TY-carbon were
optimized with the GGA level of first-principle calculations. Each optimized structure was then
used to obtain a simulated XRD pattern using the Fullprof Package [29]; the X-ray wavelength
was assumed to be 1.5406 A (Cu Kg). In diamond, four peaks with miller indices of (111),

(220), (311) and (222) were found up to 100° 26, and strongest peak for diamond was (111).

Table 1 lists the lattice constant of each carbon allotrope. Because the space group (ngm) of
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Y-carbon and TY-carbon is the same as that of T-carbon and diamond, the shape and
characteristics of the XRD pattern were similar. The main difference in the XRD pattern
among carbon allotropes was the location of the XRD peak, which is a function of the inverse
of the lattice constant (Bragg equation; A=2dsinf). The position (260) of the strongest XRD
peak for Y-carbon and TY-carbon was 15.917° and 11.377°, respectively. The relative intensity
of each XRD peak is related to the structure factor of XRD and can be simulated easily with
the information provided in table 1.

Having all the information on the structure and stability, the electronic structures of Y-
carbon and TY-carbon can be discussed. Their band structure and atom projected density of
states (PDOS) were calculated at the GGA level, as shown in Fig. 5. First of all, the overall
band shape of Y-carbon was similar to that of diamond, and that of TY-carbon was similar to
that of T-carbon (see supplementary material). In addition, Y-carbon has an indirect band-gap,
whereas TY-carbon has a direct band-gap. This is because of the structural similarity, i.e. Y-
carbon is believed to be a triple-bonding combination with diamond, and TY-carbon is a triple-
bonding combination with T-carbon. The one of main differences is the band gap (summarized
in table 1.). Although the band gap of Y-carbon (4.662 eV) appeared to be larger than that of
diamond (4.118 eV), the band gap of TY-carbon (1.465 eV) was smaller than that of T-carbon
(2.234 eV). Optical absorption coefficient of Y-carbon and TY-carbon was calculated using
electronic structure information, too (see supplementary material).

The band gap is associated with the orbital nature of carbon atoms, particularly 2s and 2p
orbital. For Y-carbon, there appears to be two distinct orbitals of carbon atoms, depending on
the Wyckoff positions of 8a (0, 0, 0) and 32e (0.0888, 0.0888, 0.0888). Similar to the carbon
orbital in diamond, the orbital of the carbon atom in the Wyckoff positions of 8a (0, 0, 0) forms
sp>-like hybridization, where 2s, 2p., 2p,, and 2p; are equivalent. On the other hand, the carbon
atoms in Wyckoff positions of 32 (0.0888, 0.0888, 0.0888) forms sp-like hybridization, where
2s, 2px, 2py, and 2p. are not equal. The 2s and 2p, orbitals form ¢ bonding, whereas 2p, and
2p, orbitals form 7 bonding. Therefore, in sp-like hybridization, the electrons in each
tetrahedron are more localized and the band gap of Y-carbon (4.662 eV) is larger than that of
diamond (4.118 eV).

For TY-carbon, the orbital symmetry of carbon atoms is completely different from that of
the carbon atoms in Y-carbon. Two distinct carbon atoms are in the same symmetric Wyckoff
position with different coordinates, 32¢ (0.0397, 0.0397, 0.0397) and 32e (0.0987, 0.0987,
0.0987). The orbital of the carbon atoms in x = 0.0987 has similar character to triple bonding of
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sp-like hybridization, and that of the carbon atoms in x = 0.0397 has similar character to single
bonding sp3—like hybridization. On the other hand, the carbon atoms of TY-carbon in x =
0.0397 has 32e symmetry, which is not equal to the 8a symmetry of Y-carbon. The orbitals of
the carbon atoms are distributed asymmetrically along the carbon tetrahedron due to symmetry
constraints. The symmetry difference can be the origin of the different trend of the band gap in
Y-carbon and TY-carbon. These characteristics can be seen by the atom projected density of
states (PDOS). For Y-carbon, valence band maximum (VBM) and conduction band minimum
(CBM) are composed mainly of electrons in the 32e site and the contribution from the electron
in the 8a site is quite small. On the other hand, for TY-carbon, two electrons from different 32e
sites contribute to the VBM and CBM.

The bonding nature of electrons can be checked by electron localization function (ELF)

analysis [30] (Figure 6(a), 6(b), and 6(c)). Figure 6(a) and 6(b) shows the (110) cross sections
of ELF along the carbon chain of Y-carbon and TY-carbon, respectively. For Y-carbon, the
electrons are well localized along the carbon chain and the enhanced localization between triple
bonded carbons can be seen clearly. On the other hand, for TY-carbon, the electron localization
along the triple bond is weakened compared to that of Y-carbon. In addition, the electrons
formed by the tetrahedron are squeezed out rather than distributed inside the tetrahedron or on
the line of the tetrahedron. This phenomenon can be clarified in the three dimensional plot of
the ELF of TY-carbon, as shown in Fig. 6(c). The ELF function around the tetrahedron is
distributed non-uniformly along the bonding lines of the tetrahedron.

Because triple bonding between carbon atoms is an important ingredient of yne-
modification, the length of triple bond (d,) is closely related to the band gap of both Y-carbon
and TY-carbon. The band gap as a function of the triple bond length can be obtained by
maintaining the same lattice constant, and is depicted in Fig. 6(d). The equilibrium bond length
(dy) is denoted by the black arrow and dyy of Y-carbon and TY-carbon is 1.2086 A and 1.2263
A, respectively. As d; is increased from 1 A to 1.4 A, the band gap of both materials decreases
monotonically. For Y-carbon, it is still in the insulating state with a finite band gap at 1.4 A.
On the other hand, for TY-carbon, the band gap energy decreases with increasing d..
Eventually, the band gap is closed when the d; reaches 1.36436 A, and an insulator to metal
transition occurs. This phenomenon in TY-carbon is related closely to Peierls instability [31,
32]. Triple bond formation with a linear carbon chain is a well-known example of Peierls
instability leading to the dimerization of carbon. In other words, in TY-carbon, the metallic

state can be the ground state if the bond length between the triple bonded carbons is similar to
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that of single bonded carbon. On the other hand, dimerization between carbon atoms can occur
due to Peierls instability, which is responsible for the insulating band gap of TY-carbon. One
should note that dimerization in TY-carbon occurs in a 3 dimensional (3D) manner because of
its structure, which can be thought of as a 1D Peierls-like transition along linear carbon chain
in 3 dimensional networks (see supplementary material).

In conclusion, this study designed carbon allotropes with yne-modification, named Y-

carbon and TY-carbon. These structures can be made with the combination of sp’- and sp-

hybridization, which maintain the same space group (ngrn) of cubic diamond and T-carbon.
Both allotropes can be stable with the total energy in lower equilibrium than that of T-carbon.
Their kinetic stability can also be confirmed by phonon calculation and the phonon spectrum of
Y-carbon and TY-carbon can be explained easily by the combination of sp3— and sp-
hybridization. The band gap of both Y-carbon and TY-carbon can also be understood by the
coexisting single and triple bonding of the carbon atoms. The band gap of TY-carbon can be
modified to become a metal, which can be explained by Peierls instability associated with the
dimerization of carbon atoms. Stable carbon allotropes with a larger pore volume can be
scientifically interesting materials and have broader technological impact, such as a very hard
material [ 18] and hydrogen storage [19, 20].

The authors wish to thank R. Baughman for the helpful discussions and encouragement in
initial state of this work. This study was supported by NSF of Korea (KRF-2012-0000964 and
KRF-2012-0004688). Computational resources were provided by the KISTI Supercomputing
Center (Project No. KSC-2011-C1-20).
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Figure Captions

Figure 1. The detailed structure of (a) Y-carbon and (b) its [111] projection. The detailed
structure of (c) TY-carbon and (d) its [111] projection. Triple bonds are shown as orange

cylinder and arrows in figure indicate three basis vectors.

Figure 2. The total energy vs volume (equation of state) of diamond (green triangle), graphite
(purple hexagon), T-carbon (blue square), Y-carbon (black circle) and TY-carbon (red square)
calculated at generalized gradient approximation (GGA) level. The blue line indicates the

equilibrium energy of T-carbon.

Figure 3. The phonon dispersion curve and partial phonon density of state of (a) Y-carbon and

(b) TY-carbon, respectively. Note that spectrum due to triple bonding occur around 2200 cm™.

Figure 4. The simulated X-Ray Diffraction (XRD) pattern (A= 1.5406 A) patterns of (a)
diamond, (b) T-carbon, (c) Y-carbon, and (d) TY-carbon, respectively.

Figure 5. Electronic band structure along the high symmetry point in Brillouin zone and atom

projected density of states of (a) Y-carbon and (b) TY carbon.

Figure 6. The electron localization function (ELF) of (a) Y-carbon and (b) TY-carbon along the
carbon chain. (¢c) ELF of TY-carbon viewed in 3D (contour level is set to 0.75). (d) The
calculated band gap of Y-carbon and TY-carbon as a function of triple bond length, showing

peierls instability in TY-carbon.
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Figure 1 (color online) Jun Y. Jo and Bog G. Kim
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TABLE 1. The lattice constant (/), position of carbon atom (x;, x,), single bond length (d;), triple bond
length (d,), equilibrium density (p), energy gap (E,) and bulk modulus (BM) of cubic diamond, Y-carbon,

T-carbon, and TY-carbon, respectively

Structure i X1 X d, d, E,eV) BM(GPa) P (g/m’)

c-diamond 3.574 0 - 1.547 - 4118 432 3.496

Y-carbon 9.636 0 0.0888 1482 1209  4.662 82.9 0.894
1.501

T-carbon 7517 0.0706 - 216 - 2.234 159 1.503
1.510,

TY-carbon 13460 0.0397 0.0987 .7 1226 1465 542 0.523
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