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Abstract

A nanoporous carbon framework structure is predicted by combining graph theoretical approaches and density functional
calculations. Bond lengths in this polymorph, with all atoms sp2-hybridised, are in good agreement with typical C–C and
C-C bond lengths, bond angles are close to 1208, and it is 0.36 eVratom less stable than diamond. The electronic structure
suggests it is a quasi-one-dimensional metal with anisotropic electronic properties and a spectroscopic signature. The

Ž .compound has a high bulk modulus of 234 1 GPa but a density similar to that of graphite and amorphous carbon. Changes
in the lattice parameters on compression are strongly anisotropic. q 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The prediction of new materials and their proper-
ties is a central topic in condensed matter studies.
The theoretical calculation of the properties of hypo-
thetical compounds is especially important if experi-
mental investigations point towards a new structure
with unique properties, but not enough material is
available for a crystal structure determination. This
situation often arises when only thin films of a new
compound can be produced. For a systematic search
of possible new structures, a fast and reliable ap-
proach is needed to provide ‘trial structures’ suitable
for testing and optimisation using modern, quantum-
mechanical techniques. It would be a significant
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advantage if the algorithm used to obtain the trial
structures could provide a complete enumeration of
all possible structures under a given set of con-
straints. An approach which can potentially fulfill
these requirements is based on so-called ‘quotient

w xgraphs’ 1 . With this technique, it is possible to
exhaustively enumerate classes of three-dimensional
nets, find those which can be embedded in Euclidean
space and match restrictions imposed by nature on
real crystal structures. Here, we use this approach to
suggest a new form of carbon.

Polymorphs of crystalline and amorphous carbon
have long been at the center of an overwhelming
number of experimental and theoretical studies. Of
rather recent interest is the synthesis of hard sp2-
bonded carbon modifications, whose properties
would be dominated by the extremely strong in-planar

w xbond of graphite 2 . It has been suggested that such
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materials could be synthesised by the laser initiated
w xpulsed cathodic arc method 3 . This technique does

not yield enough sample for conventional structure
determinations by diffraction methods, but the prod-
ucts of the laser-arc technique can be investigated by
electron microscopy and spectroscopic techniques.
This allows the confirmation of the predominance of

2 w xsp -bonds 3 and implies a new form of carbona-
ceous material.

In the light of the above, it is interesting to model
sp2-bonded carbon modifications and compare their
properties to those suggested for experimentally pro-
duced compounds, so as to establish the structure
and other properties. Earlier predictions of possible
new sp2-carbon modifications relied on the tiling of

w xminimal surfaces 4–7 . However, the restriction to
structures which can be described by tilings of mini-
mal surfaces is rather severe. Here, we use the graph
theoretical approach mentioned above and quantum-
mechanical calculations to efficiently search for rela-
tively stable carbon modifications with a framework
structure in which all atoms are sp2-hybridised, and
to then predict their properties. The trial structures
required for such a search correspond to regular
3-nets, i.e. nets in which each vertex is connected to
three neighbours and which can be embedded into
Euclidean space. All crystallographically acceptable
regular 3-nets with four and six vertices per unit cell

w xhave been summarised by Bader et al. 1 . In this
Ž .case we have chosen the ‘6 3 4-25’-net as a trial

structure for the quantum-mechanical calculations.
An inspection of the structure shows that it has
bond-angles which are all close to 1208. This is a
reasonable crystal-chemical constraint when mod-
elling sp2-hybridised carbon polymorphs.

2. Computational details

The quantum-mechanical computations were per-
Ž .formed with both academic and commercial MSI

w xversions of the CASTEP code 8,9 . This is a density
functional-based total energy code which uses pseu-
dopotentials to describe the electron–ion interaction,
a Monkhorst–Pack scheme for the sampling of recip-
rocal space, and a Broyden–Fletcher–Goldfarb–

w xShanno-based algorithm 10 for the geometry opti-

misation. One set of calculations was performed with
norm-conserving pseudopotentials at a kinetic energy
cut-off of 800 eV and a k-point mesh of 63 k-points
in the irreducible part of the Brillouin zone. An
additional set of calculations used ultrasoft pseu-

w xdopotentials 11,12 instead, with a cut-off of 310
eV. The transferability of the norm-conserving pseu-
dopotentials has been established in a previous study
w x13 and there it was shown that it was preferable to

w xuse a generalised gradient approximation 14,15 in-
stead of the local density approximation. Results of
the two sets of calculations, using the two different
types of pseudopotentials, did not differ signifi-
cantly.

3. Results

The orthorhombic trial structure with space group
Immm, corresponding to one of the quotient graphs
embedded into Euclidian space, was relaxed until

˚forces on all atoms were less than 0.1 eVrA. The
relaxed structure is shown in Fig. 1, and the lattice
parameters are given in Table 1. We also performed
calculations in an orthogonal lattice without symme-
try constraints, but to within the accuracy of the
calculations the relaxed structure always had space
group symmetry Immm. Hence, the high symmetry
structure corresponds to a local energy minimum of
the Born–Oppenheimer hypersurface. Atoms in the
new carbon modification are located on Wyckoff
positions 4e with xs0.6029 and Wyckoff position
8n with xs0.2780, ys0.2051. The structure ob-
tained is sensible from a crystal-chemical point of
view. It can be described as consisting of zig-zag
chains which are joined by C-C groups, where each
of the two atoms of the C-C group is bound to two
atoms of different chains. Within the chains, the

˚C–C bond distance is 1.406 A. This is exactly the
bond distance which we obtain in calculations of
graphite and is within 1% of the experimental value.
The bond angles within the chain are 1178 and 1248,
which are close to the ideal value of 1208. The
distance between the carbon atoms in the C-C

˚Ž .groups is much shorter 1.33 A which is as expected
for a double bond, since C-C bond distances be-
tween sp2-hybridised carbon atoms range from 1.32

˚ w xto 1.36 A 16 . The bond distance between the atoms
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Fig. 1. The structure of the new polymorph. Sixteen unit cells are shown.

belonging to the zig-zag chain and atoms belonging
˚to a C-C group is 1.473 A which is in very good

agreement with distances observed for two sp2-hy-
bridised carbon atoms, one of which is doubly bonded

w xto a third carbon atom 16 . Difference maps between
the valence electron density in the crystal and the
superposed valence electron density of non-inter-
acting atoms show that all bonds are covalent, as
there is significant charge accumulation between
neighbouring atoms. In summary, the bond dis-
tances, bond angles and the character of the bonds
are very close to typical values observed in other
carbon containing compounds. This implies that the
structure is rather stable. With respect to the lattice

energy the structure is indeed only 0.4 eVratom less
Ž .stable than diamond see Table 1 .

The pressure-induced structural changes are highly
anisotropic. While the short c-lattice parameter de-
creases upon compression by 1% at 9 GPa, the a
lattice constant decreases by 2.7%, while the b lat-
tice parameter increases slightly at small compres-
sions and then remains approximately constant. The
pressure dependence of the unit cell volume can be
described equally well by a second- or third-order
Birch–Murnaghan equation of state as for the latter
case the pressure derivative of the bulk modulus is

X Ž .B sEBrEPs4 1 . In both cases the computed bulk
Ž .modulus is Bs234 1 GPa.
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Table 1
Theoretical data for crystalline carbon polymorphs

aa b c Density Energy
3˚ ˚ ˚Ž . Ž . Ž . Ž . Ž .A A A grcm eVratom

Ž .Diamond theo. 3.5303 – – 3.6 0
bŽ .Diamond exp. 3.5670 – – 3.56

Ž .Lonsdaleite theo. 2.4830 – 4.1347 3.6 0.026
cŽ .Lonsdaleite exp. 2.52 – 4.12 3.56

dPolybenzene 6.014 – – 2.2 0.07
eC – – – – 0.360

New polymorph 6.517 6.093 2.483 2.4 0.36
fSupercubane 4.8164 – – 2.9 0.64

BC8 4.4316 – – 3.7 0.724
3 g10 -Structure 4.0709 – – 2.4 1.169

a Relative to diamond.
b w xExp. values from Ref. 27 .
c w xExp. values from Ref. 27 .
d w xRef. 7 , recomputed here.
e w xComputed using results of Ref. 7 ; see text.
f w xRef. 13 .
g w xRef. 7 , recomputed here.

The stability of the new polymorph can be com-
pared to that of other hypothetical carbon poly-
morphs and to that of the fullerenes. We recomputed
the energy of some of the low energy sp2-carbon

w xstructures suggested by Ref. 7 and used their results
to compare the stability of the new polymorph to
C . The energy difference between polybenzene and60

the 103-structure computed in the present study is
w xsimilar to that obtained by Ref. 7 . This allows us to

w xuse the energy difference computed by Ref. 7
between polybenzene and C to estimate the relative60

stability of the new polymorph. As Table 1 shows,
the new polymorph is only slightly less stable than
C . The new polymorph is significantly more stable60

than hypothetical sp3-carbon framework structures,
w x w xsuch as supercubane 13 and BC8-carbon 17–20 .

The results we obtained for BC8 carbon are also
given in Table 1. The internal parameter of the
relaxed structure is 0.09345, which results in bond

˚lengths of 1.615 and 1.434 A. The computed struc-
tural parameters and the relative energy difference
between diamond and BC8 carbon are similar to

w xthose obtained elsewhere 17–20 .
The new carbon modification presented here is a

nanoporous framework structure, where the smallest
diameter of the channels running parallel to the

˚c-axis is 4.4 A. The band structure shown in Fig. 2

implies that although the new polymorph has a
three-dimensional framework structure it is a quasi-
one-dimensional metal with strongly anisotropic
electronic properties. This is similar to theoretical
w x w x21–23 and experimental 24,25 findings for nan-
otubes, which can be, depending on the helicity of
the tube lattice and their diameter, strongly one-di-
mensional conductors. This is consistent with a de-
scription of the structure of the new polymorph as a
dense packing of compressed nanotubes, with shared
walls. The conductivity of nanotubes can be under-
stood in terms of the dependence of the band struc-
ture on a vector describing the chirality and the fiber

w xdiameter 22–25 . While the structure of the new
polymorph can also be described as consisting of
interpenetrating carbon spirals, where one turn of the
spiral is equal to twice the c-lattice parameter, an
elegant analysis such as in the case of nanotubes
does not immediately present itself. The combination
of the metallic character of the structure and the
large diameter of the channels implies that it should
be rather straightforward to intercalate Li atoms.

Further analysis of the electronic structure reveals
a possible means of identification of this new poly-
morph in situations where only small quantities may
have been synthesised. A projection of the density of

Fig. 2. The band structure of the new polymorph. The labelling of
1 1 1points in the Brillouin zone is: G s0,0,0; Zs0,0, ; T s ,0, ;2 2 2

1 1 1 1 1 1 1 1 1Y s ,0,0; Ss , ,0; X s0, ,0; Us0, , ; Rs , , . Direc-2 2 2 2 2 2 2 2 2

tions G ™ Z, Y ™T , X ™U are parallel to the channel, while
T ™ Z, Y ™S, S™ X, and U™ R are perpendicular to the chan-
nels. The Fermi level is indicated by the horizontal line.
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Ž . Ž . 2Fig. 3. The total density of states dashed lines and the p-projected density of states solid lines for the new sp -bonded carbon polymorph
Ž . Ž . ) )left panel and graphite right panel . The p peak is due to the atoms in the zig-zag chains, while the p peak is due to the remaining2 1

atoms.

states onto the atomic 2p wavefunction of carbon
Ž . )see Fig. 3 clearly reveals a split in the p peak, in
contrast to the situation in graphite. Resolving the
projected density of states further into contributions
from the individual atomic sites indicates that the
p ) peak derives from the carbon atoms in the2

chains, and the p ) peak from the remaining sites.1

The relative intensities of these p ) peaks may be
explained by the relative frequency of the two sites,
namely 2:1. Such a p-projected density of states is
just what could be measured using a scanning trans-

Ž .mission electron microscope STEM fitted with an
Ž . Želectron energy loss EEL spectrometer ignoring

effects of orientation, weakly energy dependent ma-
trix elements, and a presumably weak core-hole ef-

. w x Ž .fect 26 . The carbon K-edge at about 285 eV is
the result of excitations from the 1s core electron,
through the dipole operator, into states of p-symme-
try in the conduction band. The focussed electron
beam of the STEM can take measurements from

Žvery small samples sub-nanometer probes are be-
.coming common . Similar spectral features might be

expected in X-ray absorption spectroscopy, but larger
samples would be required.

From a comparison of the measured electron loss
spectrum with the calculated p-density of states we
can conclude that the new carbonaceous material

w xsynthesised by Ref. 3 does not have the structure of
the polymorph presented here. The prediction of the
structure and some properties of a new polymorph of
carbon with unusual structural features and physical
properties is nevertheless a convincing demonstra-
tion of the fertility of the combination of graph
theory and quantum mechanics, which we are cur-
rently extending by calculating the ground state
properties of all possible carbon polymorphs which
can be represented by regular 3-nets with less than
six vertices per unit cell. The extension to incorpo-
rate more sophisticated crystal chemical constraints
in the search for more complex crystal structures is
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in principle straightforward and can be automated to
a significant extent.
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