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Optimized geometries and electronic structures of graphyne and its family
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The optimized geometries of carbon allotropes related to graphite, called graphyne, graphdiyne, graphyne-3,
and graphyne-4, as well as their electronic band structures were calculated using a full-potential linear com-
bination of atomic orbitals method in the local-density approximation. These carbon allotropes consist of
hexagons connected by linear carbon chains. The bond length of a hexagon is a little longer than that of the
bond that links a hexagon to the outside carbon. Furthermore, part of the linear carbon chain is composed of
acetylenic linkages~—CwC—! rather than cumulative linkages~vCvCv!. The binding energies are 7.95
eV/atom for graphyne and 7.78 eV/atom for graphdiyne, and the optimized lattice lengths are 6.86 Å for
graphyne and 9.44 Å for graphdiyne. These materials are semiconductors with moderate band gaps. The band
gap occurs at theM point or G point depending on the number of acetylenic linkages that are contained
between the nearest-neighboring hexagons. The effective masses are very small for both conduction and
valence bands.@S0163-1829~98!07939-9#
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I. INTRODUCTION

There exist many carbon allotropes such as graphite,
mond, and carbon black in the natural world. The continu
efforts on synthesis and discovering new carbon allotro
have been made. As a result, fullerene,1 nanotube,2 carbyne,3

and carbolite4 have been added to the numbers of new c
bon allotropes. In this paper we deal with some new me
bers in carbon allotropes.

First we mention graphyne, which was predicted
Baughman, Eckhardt, and Kertesz5 as one of the new carbo
allotropes. This material consists of layered carbon sh
containingsp and sp2 carbon atoms shown in Fig. 1. Th
name ‘‘graphyne’’ results from its structure, namely, the la
ers can be constructed by replacing one-third of the carb
carbon bonds in graphite with acetylenic linkag
~—CwC—!. They calculated the structure and heat of fo
mation for graphyne using the modified neglect of differe
tial overlap ~MNDO! quantum chemical method and a
atom-atom potential method. They found the lattice leng
of the unit cell for the energy-minimized graphyne structu
are a56.86 Å, c56.72 Å, andg5120°. The unit cell con-
tains two sheets. This carbon allotrope was predicted to h
high-temperature stability and similar mechanical proper
to graphite. It was also shown that this material might b
semiconductor (Eg51.2 eV) rather than a metal or sem
metal.

Recently, another synthetic research on planar polym
networks comprisingsp andsp2 carbon atoms has been d
veloped, and the new carbon allotrope that is called gra
diyne was proposed by Haley, Brand, and Pak.6 The struc-
ture is shown in Fig. 2. The name ‘‘graphdiyne’’ comes fro
the name graphyne, as well as containing two acetylenic~di-
PRB 580163-1829/98/58~16!/11009~6!/$15.00
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acetylenic! linkages between carbon hexagons. We can
that graphdiyne belongs to the same family as graphy
This material was supposed to exhibit similar properties
graphyne.

The binding energies for graphyne and graphdiyne
expected to be much less than graphite. However, these
terials have been tried to form. The reason is considere
follows: These materials contain bothsp2 andsp carbon at-
oms, while the only crystalline forms with well-establishe
structures contain either allsp3 or all sp2 carbon atoms. The
formation energies of these materials are estimated as

FIG. 1. The structure of graphyne. The parallelogram dra
with a broken line represents a unit cell. The Brillouin zone
shown on the upper side.
11 009 © 1998 The American Physical Society
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kcal/mol carbon for graphyne and 18.3 kcal/mol carbon
graphdiyne. These values are much lower than for any
bon allotrope containing acetylenic linkages.5,6 Furthermore,
some substructures of graphyne and graphdiyne, as show
Fig. 3, have been already synthesized.6–8 A typical approach
to synthesize graphyne and graphdiyne is presently
progress in two different ways. That is to say, one is
trimerization of cyclocarbon, and another is the polymeri
tion of hexaethynylbenzene.9 We can expect that graphyn
and graphdiyne will be synthesized in the near future.

Under these circumstances we have started the fi
principles study of these attractive materials, graphyne
its family. In this paper we present the results of geome
optimization and the electronic structures of tw
dimensional graphyne and its family. We hope our pres
paper triggers great progress of the study on these mate

We give a brief explanation of the calculation method
Sec. II and show the crystal structures in Sec. III. In Sec.
we present the results of geometry optimization and the e
tronic structures of graphyne and its family. Section V
devoted to conclusions.

FIG. 2. The structure of graphdiyne. The parallelogram dra
with a broken line represents a unit cell.

FIG. 3. Substructures of graphyne and graphdiyne. These
structures have been already synthesized.~a! TBC ~1,2:5,6:9,10-
tribenzocyclododeca-1,5,9-triene-3,7,11-triyne!. ~b! and~c! Deriva-
tives of these compounds are synthesized.
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II. CALCULATION METHOD

The calculation was carried out using the full potent
linear combination of atomic orbitals~LCAO! method,10

which is based on the density-functional theory within t
local-spin-density approximation.11,12 The full-potential ap-
proach, in which any shape approximation is not introduc
in the calculation of the electrostatic potential, is indispe
able for the geometry optimization. We used the results
Ceperley and Alder,13 which were parametrized by Perde
and Zunger14 for the exchange-correlation potential and e
ergy density. Furthermore, we performed the calculation
the forces acting on the atoms, which consist of the Helm
Feynman forces and the Pulay corrections.15

n

b-

FIG. 4. Assignation for bonds.

FIG. 5. Plot of the binding energy vs the lattice parameter
graphdiyne.
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In the present study we used numerical-type orbitals
the basis sets, which were obtained by solving the Ko
Sham equations of the atoms. The merit of this type
atomic orbital is the perfect description of the dissocia
limit of the constituent atoms within local-spin-density a
proximation. For the numerical-type orbitals 1s, 2s, and 2p,
orbitals of a neutral carbon atom and 2s and 2p orbitals of a
carbon ion C21 were adopted. The reason why we used t
kinds of orbitals, 2s and 2p orbitals of a neutral carbon atom
and a carbon ion C21, is to give variational flexibility.16

For the geometrical optimization we chose to use 1k
points in the Brillouin zone, which are generated by t
good-lattice-point method.17 To confirm the accuracy of the
calculation we examined the results of the electrostatic
tential for several cases by using 89k points in the Brillouin
zone, which were also generated by the same method.
result, the numerical difference in the binding energy b
tween them was about 0.002 eV/atom. This difference
very small, and it does not give significant effect to the el
tronic band structures. The calculation was continued u
the force among the atoms converges within 0.2 eV/Å ato

Thus the band calculation was performed using the
tained self-consistent potential with the optimized geome

III. CRYSTAL STRUCTURE

Two-dimensional structures of graphyne and graphdi
are shown in Figs. 1 and 2, respectively. On the analogy

FIG. 6. Plot of the bond length vs the lattice parameter
graphdiyne.L, 1; h, 2; n, 3; 3, 4.

TABLE I. The optimized lattice length and the binding ener
are given.

Lattice length~Å! Binding energy~eV/atom!

Graphyne 6.86 7.95
Graphdiyne 9.44 7.78
Graphyne-3 12.02 7.70
Graphyne-4 14.60 7.66
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these structures we can expect the possibility of mater
that contain three or more acetylenic linkages between
bon hexagons. For the sake of convenience we disting
these materials~n^3! by the number of acetylenic linkage
between carbon hexagons; the graphyne-n represents the ma
terial that containsn-acetylenic linkages between the neare
neighboring carbon hexagons.

We deal with two-dimensional structures of graphyn
graphdiyne, graphyne-3, and graphyne-4. Though the bo
between hexagons are drawn as acetylenic linka
~—CwC—! in Figs. 1 and 2, it might be cumulative linkage
~vCvCv!. Then we must solve for which bond is mor
stable.

The unit cell of graphyne~graphdiyne, graphyne-3, an
graphyne-4 are similar to graphyne! is drawn with a broken
line in Fig. 1. The lattice lengths area andb ~a5b!, and the

r

FIG. 7. Plot of the bond length vs the optimized lattice para
eter for graphyne, graphdiyne, graphyne-3, and graphyne-4.L, 1;
h, 2; n, 3; 3, 4; 1, 5; s, 6.

FIG. 8. Electronic band structure of graphyne.
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angle between them isg5120°. A unit cell contains 12 car
bon atoms. The Brillouin zone for this structure is a equil
eral hexagon shown on the upper side in Fig. 1.

IV. RESULTS AND DISCUSSION

A. Optimized geometry

First we assign the number for each bond as shown in
4. The distance between the centers of two hexagons is e
to the lattice lengtha of each material. When we fix th
lengtha we get the optimized lengths of each assigned b
for sucha. Since the most stable structure of the material
the maximum binding energy, we tried to find the maximu
binding energy changing the lattice length of the lattice.
an initial condition for this calculation we set all bon
lengths equal and all bond angles are set~not fixed! at either
120° or 180°. Here the lattice length is determined by
type of bonds. As for the bond lengths, we change th
between two limiting values: one is 1.20 Å of a triple bon
~CwC! and another is 1.55 Å of a single bond~C—C!. The
former gives the minimum value of the lattice length and
latter gives the maximum value. In practice we calcula
some points as an initial condition that all of the bonds
not always equivalent, because we feared that other st
states of the structures might exist. However, we got
same convergence.

The change of the binding energy with the lattice para
etera for graphdiyne is shown in Fig. 5. It is certain that th
binding energy gets the maximum at somewhere wit
a59.2–9.5 Å. The calculation was carried out closely
search the maximum point in this region, and the maxim
binding energy for graphdiyne was obtained at 7.78 eV/at
at a59.44 Å. In a similar way the calculation was carried o

FIG. 9. Electronic band structure of graphdiyne.
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for graphyne, graphyne-3, and graphyne-4. All of the op
mized lattice lengths and the binding energies of graph
and its family are given in Table I. The optimized length
graphyne is consistent with the results of Baughman, E
hardt, and Kertesz.5

The values of the binding energy for graphyne and gra
diyne are compared with the calculated values of 8.66
atom for graphite and 8.22 eV/atom for fullerene C60 in the
local-density approximation. The difference of the bindi
energy seemed to depend on whethersp carbon atoms are
contained in the material.

Furthermore, the change of each bond length with
lattice parametera for graphdiyne is shown in Fig. 6. We ca
see from Fig. 6 that each bond is stable and does not cha
to another type of bond immediately, even if the lattice p
rameter changes a little. We also carried out the calcula
and obtained similar results for graphyne, graphyne-3,
graphyne-4 to that for graphdiyne. These data are very us
to study in case pressure is applied to these materials,
cause we can see how each bond changes from these fig

Now we can show all of the optimized bond lengths. Th
are given in Fig. 7. The bond lengths 1 and 3 are gradu
increasing as the lattice parameter increases, while the b
lengths 2 and 4 are slightly decreasing as the lattice par
eter increases. This is considered to be mainly caused by
effect of the conjugated bonds. However, the difference
each bond length is very small. Therefore, it is conside
that each bond has the same character for the graphyne
its family. The bond lengths such as 4 and 6 that appear
graphdiyne, graphyne-3, and graphyne-4 would be alm
equivalent. Thus, the bonds with length 4 or 6 have the sa
bond character, because the relative position of the nea
neighbor atoms is the same. In the same consideration
bonds with length 3 or 5 have the same bond character,

The mean bond lengths 1, 2, 3,~5 is included!, and 4~6 is
included! are 1.43, 1.40, 1.23, and 1.33 Å, respectively. T
bond length 1 is a little longer than 2 for these materials. T
type of the bonds with the former length is to b
C(sp2)uC(sp2) as seen in graphite~51.42 Å!, and the type
of bonds with the latter length is not a typical single bo
such as toluene~51.53 Å! and diphenyl~51.50 Å! but is to
be C(sp2)uC(sp) considering that the neighboring bon
length 3 is nearly equal to the acetylenic bond length 1.20
The type of the bonds with the bond length 3 is C~sp!wC~sp!
and the small difference is probably due to the effect of
conjugated bond as mentioned above. The tendency of
order of bond lengths for graphyne is consistent with
results of Baughman, Eckhardt, and Kertesz, using
MNDO method.5
TABLE II. The band gapEg and effective mass in the conduction band (mc) and valence band (mv) are
given. Effective masses are anisotropic for graphyne and graphyne-3.m0 is an electron mass, and~G→M!
means the approach to the gap pointM from theGM side.

Eg ~eV! mc /m0 mv /m0

Graphyne 0.52 atM 0.15~G→M! 0.063~M←K! 0.17~G→M! 0.066~M←K!

Graphdiyne 0.53 atG 0.073 0.075
Graphyne-3 0.60 atM 0.099~G→M! 0.081~M←K! 0.12~G→M! 0.085~M←K!

Graphyne-4 0.59 atG 0.081 0.080
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The bond lengths 4 and 6 are about 10% larger than
acetylenic bond length. These bond lengths are close to
typical double bond length of 1.34 Å, and then judging on
from the bond length, carbons seem to form the bond suc
C(sp2)vC(sp2) or C(sp2)vC(sp). However, these bond
are considered as follows: The bonds that have the leng
or 5 are mainly triple bonds. These carbons fo
C~sp!wC~sp!, and also contain some characteristics of
single bond. And the bonds that have the length 4 or 6
single bonds between two triple bond
C~sp!wC—CwC~sp!. This is the same type of bond as se
in diacetylene. The single bond length of diacetylene is 1
Å, and it is extremely shorter than the ordinary single bo
length. In this case it is explained by the conjugated multi
bond. Thus, the single bond between two triple bonds has
character of the double bond. In the same consideration
single bonds with length 4 or 6 interact with each oth
through the triple bond situated between them, hence we
the character of a double bond.

Thus the carbon chains constructing graphyne and
family are composed of acetylene linkages~—CwC—!. It is
very difficult to accept that the bonds are composed of
mulative linkages~vCvCv! in these carbon chains as th
bond lengths are considerably different from one anothe

B. Electronic band structure

We calculated the electronic band structures of graphy
graphdiyne, graphyne-3, and graphyne-4 by use of each
consistent potential with the optimized geometry. The el
tronic band structures of graphyne and graphdiyne are sh
in Figs. 8 and 9, respectively. As seen in the figures, b
graphyne and graphdiyne are semiconductors with mode
energy band gaps. The similar electronic band structu
were obtained for graphyne-3 and graphyne-4. The ene
gaps are given in Table II. The energy gaps occur at theM
point orG point alternately by the number of acetylenic lin
ages~—CwC—!, which are contained between two hex
gons. Both the highest valence band and the lowest con
tion band consist of mainly 2pz orbitals. The characteristic
included mainly in some bands which lie above and bel
the gap are given for graphyne and graphdiyne in Table

Graphyne and its family are very promising for the use
intercalation compounds. It is very convenient to intercal
the alkali metal into the voids. Then the distance betwe
adjacent layers is extremely shorter than that of the grap
intercalation compound. We are going to investigate the
bility of alkali-doped interlayer sheets. There are further
teresting points for graphyne and its family in relation to t
intercalation. As seen in Figs. 8 and 9, the values of ene
at the bottoms of the lowest conduction bands are25.5 eV
for graphyne and25.4 eV for graphdiyne, and are almo
equal to the energy at theK point for graphite,25.5 eV.
Therefore, we can expect for graphyne and its family to
hibit the same property as graphite by doping alkali meta
these materials. Furthermore, the difference of the ene
between the saddle pointS on the lowest conduction band~
2
3 point from theG point to theK point! and its lowest point
T is small~50.53 eV! for graphyne in Fig. 8, and the differ
ence of the energy betweenSandT on the lowest conduction
band is 0.72 eV for graphdiyne in Fig. 9. The peculiar pro
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erty such as superconductivity is expected to come out if
can dope the alkali metal to graphyne and its family a
make the density of states at the Fermi energy diverge.

The effective masses in the conduction band (mc) and
valence band (mv) were estimated as given in Table II. Th
effective masses are very small compared with typical se
conductors. The curvatures of these bands around the
are independent of direction, and the effective masses
isotropic for graphdiyne and graphyne-4, while the curv
tures dependent on directions for graphyne and graphyn
and the effective masses are extraordinarily anisotropic.

V. CONCLUSIONS

The optimized geometry and electronic band structure
new carbon allotropes, graphyne, graphdiyne, graphyn
and graphyne-4 were calculated using a full potential LCA
method.

As a result of the geometry optimization, hexagons
equilateral and all bond angles are either 120° or 180°. T
binding energy and the lattice parameter are 7.95 eV
6.86 Å for graphyne and 7.78 eV and 9.44 Å for graphdiyn
respectively. The bond length of a hexagon is almost equa
that of graphite and it is a little longer than the bond leng
that extends outside a hexagon, and the carbon chain
tween hexagons is not composed of cumulative linka
~vCvCv!, but is composed of acetylenic linkage
~—CwC—!. The effect of conjugated multiple bond is ver
important for graphyne and its family.

The electronic band structures of these materials were
tained using the potentials with the optimized geometries.
a result, these compounds are semiconductors with gap
0.5–0.6 eV. The effective masses for these materials are
siderably small compared with typical semiconductors.
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TABLE III. The characters that are mainly included in the co
duction and valence bands near the gaps. The characters at tM
point for graphyne and at theG point for graphdiyne are given.s
represents nondegenerated andd represents doubly degenerated.
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