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Theoretical study of a three-dimensional allsp? structure
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We present a study of a highly symmetric crystal made of exclusghbonded atoms. Calculations of the
structural and electronic properties are performed within the pseudopotential-density-functional approach for
two different compositions made @f pure carbon andi) carbon and nitrogen compound. In both solids, one
of the carbon-carbon bond lengths is found to be 1.35 A, which is considerably smaller than any carbon-carbon
bond length found in other carbon solids. The bulk moduli are calculated to be 241 and 286 GPa for the pure
carbon and the carbon-nitride compounds, respectively. We demonstrate that the relatively low bulk moduli,
considering the short bond lengths found in the structure, is due to the disruption of the eabuoming
states. This is probably unavoidable when trying to form a three-dimensional structure out of a planar con-
figuration like thesp? bonds. The calculated density of states and band structures show that the pure carbon
form is metallic whereas the carbon nitride is semiconducting. When carbon atoms are added to the interstitial
regions, the carbon solid becomes insulating and the bulk modulus increases to 282 GPa.
[S0163-182698)01726-3

In the search for new hard or low compressibility materi- Throughout this study, a plane-wave basis pseudopoten-
als, there have been many attempts to make thredial total-energy scheme is used with an energy cutoff of
dimensional network structures out ®f? bonds. The moti- 60 Ry. We employ the local-density approximatidrDA)
vation for these attempts lies in the belief that the(Ref. 6 and used the Ceperley-Alder functiohalaram-
compressibility of a structure is related to the bond lengtretrized by Perdew and Zundeor the exchange-correlation
found in the system; e.g., the shorter the bonds, the hard@nergy.Ab initio pseudopotentials are generated following
the solid. Thesp? bonded carbon systems have bond lengthghe method of Troullier and MartirfsThe Brillouin zone is
smaller than those found in diamond, the hardest materisggampled at six irreduciblk points that have been generated
known. On the other hand, graphite is intrinsically soft be-according to the Monkhorst-Pack schetfiethe structural
cause of its planar nature. Hence, structures have bedrarameters were relaxed using a Broyden scheme for the
proposedwhere carbon atoms form a three-dimensional netforces and stressés.
work of sp? bonding configuration. Some of these attempts, The structure that we propose here is shown in Fig. 1. Its
like the H-6 (Ref. 2 and bct-4(Ref. 3 structures, revealed unit cell contains 20 atoms but only two are inequivalent; the
bulk moduli around 370 GPa that are among the highestemaining atoms are obtained by the symmetry of the crystal.
known but still lower than the value for diamond.

In this paper, we propose a highly symmetric three-
dimensionalsp? bonded structure. Each atom of this struc-
ture is threefold coordinated and forms a planar bonding con-
figuration with its nearest neighbors. The results of the
structural and electronic properties of this structure are re-
ported for the two cases whe(® carbon atoms are used in
the basis, referred to as C20, afiig a combination of carbon
and nitrogen atoms is employed, labeled as CN. In both
cases, one of the carbon-carbon bond lengths is found to be
1.35 A, which is much smaller than that found in graphite.
Despite this reduction in bond length, the bulk moduli are
calculated to be 241 GPa for the C20 solid and 286 GPa for
the CN compound. The relative softness of these structures
can be attributed to a different bond in the structure that is
significantly weaker and easily compressible. This weaker
bond has a length of 1.47 A in the C20 solid and a length of
1.42 A in the CN compound. In the case of the all carbon
structure that is metallic, we found that by interstitially add-
ing extra carbon atoms the solid becomes insulating and its F|G. 1. Ball and stick model of the structure considered in this
bulk modulus increased to 282 GPa. These findings possiblyork. The inset shows a particular choice of the basis atoms. Type
cast doubts on the hope for a material harder than diamond andB atoms as well as the two inequivalent bond lengthsind
that is made of &p? network. d, are identified.
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TABLE I. Calculated structural parameters for the carB20), the carbon-nitridéCN), and the 22 carbofC22) solids. The positions
of the basis atoms are given by the two parametdeemdb. Type A atoms are at the corners of a cube, which in Cartesian coordinates
correspond tod,a,a), and all the symmetry related positions. TyPpatoms are located on the edges of the cubé 4t,0) and all the other
symmetry related positions. The bond lengthsandd, are described in the text. For comparison, the structural parameters for graphite and
diamond calculated within this method are also listed.

Volume/Atom a,b d, d, Econ B
Solid (A% (AA) A) A) (eV/atom (GPa
C20 9.34 1.262, 1.792 1.468 1.348 7.907 241
CN 8.65 1.231, 1.731 1.420 1.357 7.131 286
C22 8.62 1.384, 1.805 1.507 1.345 8.490 282
Graphite 8.74 1.42 8.868 30
Diamond 5.57 1.54 8.863 448

A particular choice of the basis atoms is displayed in theand bulk moduli(Table ). One interesting observation from
inset of Fig. 1. As we can see from the dashed line shown iithe table is that thd, bond length, which is a carbon-carbon
the inset, one type of atom is located at the corners of a cubeond in both cases, is significantly smaller than the bond
and the other type is near the edges. However, this latter typength found insp? systems like graphite orgg. In fact, this
is not directly between two corner atoms but further from thekind of bond length is more often associated with the double
center of the cube. We will refer to the corner atoms as typdond in carbon systems. When considering these shorter
A atoms and the near edge atoms as ®p&here are eight bond lengths alone, one might hope for large bulk moduli,
atoms of typeA and 12 atoms of typ®8 per unit cell. The however, our calculations indicate that these structures are
crystal is made by repeating this basis in a fcc lattice. Fronsurprisingly compressible.
such a construction, one can see that the basis has all the Figures 2 and 3 show the percentage change of both bond
symmetries of the bravais lattice and therefore this structuréengths as a function of the change of the unit-cell length.
has the highest symmetry possible for a periodic system. Du€he dashed line represents the value of the bond if one were
to this high symmetry, there are only two unique bondto isotropically compress the structure from its equilibrium
lengths: the bond between the typeand B atoms that we configuration. We can see that, in both casesdhbond is
refer to asd; and the other inequivalent bond between thestiffer than thed,; bond. The low bulk moduli of these struc-
type B atoms across different unit cells that is labeted In  tures is due in part to the compressibility of thebond. The
the CN compound, typ& atoms are nitrogen and tyd®@  remaining effect is in the flexibility of the angle between the
atoms are carbon. It is unfavorable to assign tBpgtoms to  d; and d, bonds; this angle decreases as the structure is
be nitrogen since the resulting crystal would have nitrogencompressed, resulting in a decrease of volume.
nitrogen bonds between the unit cells. The reason why thé, bond is significantly shorter and
Total-energy calculations have been performed for thesstiffer than bond lengths found in graphite can be understood
two solids, where the structure has been relaxed for every considering the local environment of this bond; namely,
volume considered. From the equation of states, it was poghe ability of the atoms to formr bonds with their neighbors.
sible to extract equilibrium configurations, binding energies,Since each atom is in a planar environment with its neigh-
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FIG. 2. Graph of the percentage changes of the two bond FIG. 3. Graph of the percentage changes of the two bond
lengths for the C20 solid with respect to the percentage change ilengths for the CN compound with respect to the percentage change
the unit-cell length. in the unit-cell length.



666 CéTE, GROSSMAN, COHEN, AND LOUIE PRB 58

S5 rrrrrrrr T T 5.0

1)
/

Sl

e
0.0 Fecr | e e et M
:(/)4 I

it
I
%

5.0 fmerr

Energy (eV)
[

]
il
/
|
il

DOS (states/eV/spin/unit cell)

15.0 = | .

0 NI T T I i >_\’_’)—§2§

—20 -15 -10 -5 0 I ~\:§>C
eV -20.0

r A X W L A T z K w U

FIG. 4. Density of states per eV per spin per unit cell for the

C20 solid. FIG. 6. Band structure for the C20 solid.

bors, we can define a normal to this plane for each atom. Figures 4 and 5 show the density of states per spin per
This normal is the direction of the state on that atom. Type unit cell for the two solids. When the structure is composed
A atoms have all their nearest neighbors of tfewhich,  of carbon atoms only it is found to be metallic, whereas with
however, have all theitr states perpendicular to the type  the nitrogen, it is semiconducting with a gap of 1 eV. Be-
atoms. The fact that thesestates on neighboring atoms are cause LDA has the tendency to underestimate gaps, the real
perpendicular reduces the possibility fbonding between gap is likely to be larger than this value. The band structures
these atoms. This is the reason why thebond length is  for both of these materials are displayed in Figs. 6 and 7.
longer than in graphite for the C20 solid and softer upon we have also examined the angular decomposition of the
pressure. We can see that when typatoms are replaced by density of states and the energy resolved charge density in
nitrogen, the bond length decreases, making this weak bongtger to assess the features in these plots. In the C20 solid,
shgh;ly stiffer, which is expressed in the larger bulk modulus;pe dip in the density of states at10 eV corresponds to the

of this compound versus that of the pure carbon Compoundseparation between the lower enesgyrbitals and the higher

. On ttrr:e ct)theé;he;nd, ong ?; thebnter:grtlborir?f'tyﬁ)itoms energyp orbitals of carbon. This kind of separation is also
IS another types atom an ey o ave thearstales In - ,jserved in other carbon materials such as diamond and
the same direction. Therefore thestates of these atoms can . .

graphite. In thep orbital energy range, the states between

bond. Moreover, theirr states cannot be shared with the ies- 10 and—5 eV th forming thep? bondi
other two neighbors of typd\,, resulting in a very strong energies an eV are those forming onding
network between the atoms. At4 eV there is an energy gap

bond between the two tyg® atoms. In fact, thel, bonds are
so strong that if the volume change were governed by jusi'at separates thep” states and the states betweedt and

those bonds, these structures would have bulk moduli of 486 1 €V that are located on tyfe atoms and make up the

and 434 GPa for the carbon and carbon nitride compound@,oume bonds between those atoms. Near the Fermi level, the
respectively. This effect of disrupting the bonding state States correspond to partially occupigdbrbitals on typeA

was already observed in fullereigsand in other three- atoms.
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dimensionak p? structures such as the bct-4 and H46ow- For the CN compound, the energy gap at arourigleV is
ever, in those cases the bond lengths were larger than iarger than in the C20 solid. As in the previous case, the
graphite. states below this energy gap correspondsi@ bonding
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FIG. 5. Density of states per eV per spin per unit cell for the CN

compound. FIG. 7. Band structure for the CN compound.
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FIG. 8. Density of states per eV per spin per unit cell for the

c22 solid. FIG. 9. Band structure for the C22 solid.

to move due to their extra bonding and this is reflected in the
states whereas those above form the double bond on the Cﬁ‘é‘rger bulk modulus as compared with the C20 solid. The

bon (type B) atoms. The valence states at the Fermi level argjensity of states for the C22 solid is shown in Fig. 8 and its
essentially made of the orbitals on the nitrogeritype A)  pang structure is given in Fig. 9. The additional atoms cause
atoms and we observed a contribution of those orbitals dowkhe 5olid to be insulating with a calculated energy gap of 2.3
to the energy gap at-5eV. The fact that this material is ey indicating that all the orbitals are now satisfige., the
msulatmg can b_e explained by the occupatlorj of these orbitz. 5rpitals of the typeA atoms are now able to form bonds
als, which are filled for_CN but only pa_rtl_ally filled for 020._ with the added atomsindeed, contrary to the C20 solid, the
The fundamemtal gap in the carbon-nitride compound is inygjence and conduction states at the Fermi level correspond
direct from the occupied state \af to the unoccupied state at (5 the double bond states on tyBeatoms. Ther orbitals on
L. o L the A atoms have moved down in energy forming bonds with
The binding energy of the C20 solid is 7.9 eV per atoMipe grpjtals of the added atoms. Consequenly, the gap be-
(Table ), which is about 1 eV lower than the binding energy y,een thesp? states and the double bond statpgeviously
of graphite within this method. This difference reflects the ; o.0und—5 eV) is now filled because of the presence of
unfavorable bonding between typeandB atoms. It is dif- sp® bonds in the system. As shown in Fig. 9, the gap is

ficult to comment on the binding energy of the_ CN com-ingirect from the occupied state htto the unoccupied state
pound since we do not have other compounds with the samg y

stoichiometry with which to compare.
In the case of the C20 solid, the low binding energy andC
the fact that it is metallic can be understood by considering

the 7 orbitals of theA atoms at the Fermi level. As discussed

b h bital bond with thei iahb aonal frequency that could be identified in infrared or Raman
above, these orbitals cannot bond with their neighbors angd, . -roscopy. Since the 20 carbon compound is metallic, it
therefore do not contribute to the binding energy of the crys-

might be a superconductor. The C22 solid can be doped to be

tal. It is possible to correct this deficiency by introducing i 4e metallic. Interestingly, in the case of the carbon-nitride

extra atoms that proylde the p055|b|I|ty_ for th(_)se o_rbltals tOcompound it has a stoichiometry that is often observed in the
form bonds. The cavity between the unit cells in which thes

bital rting h hedral dth d.esynthesis of carbon-nitride thin film&:* The x-ray signa-
 Orbitals are pointing has tetrahedral symmetry and the disgre of this structure should be easily identifiable since it is
tance between thA atoms and the center of the cavity is

; o VY > cubic and the different bonding environments between
slightly larger than the bond length in diamond, making it ang o nhite and these types of double bonds should reveal itself

ideal location for an extra carbon atom. In Fig. 1, this cavityin core-level shift measurements.
is in the middle of the four basis units depicted. Placing an |, conclusion, we have studied and proposed a highly
atom in this cavity corresponds to adding two atoms in thesymmetric three-dimensionap? bonded structure with a
unit cell located at+(0.25,0.25,0.25) in terms of the lattice composition of carbon or carbon and nitride atoms. The na-
vectors. , . ture of the bonding environment is such that one of the
We have fully relaxed this structure, which we refer to asa,on_carhon bond lengths is significantly smaller than that
C22, and calculated the same properties as for the othgfng in any other carbon solid. However, the calculated
structures(see Table )l Although the volume per atom de- ,, modulus is in the 250-300 GPa range, which is much
creases, the volume of the unit cell actually increases bYower than an estimate would give based on the bond length
1.5%. Note thawd, becomes larger as th& atoms move  jione These low bulk moduli are caused by the disruption of
toward the added carbons. The resulting bond length beq ;- hinding states that is probably unavoidable when trying
tween theA atoms and the atom in the middle of the cavity ¢, torm a three-dimensional structure out of a planar configu-
is 1.552 A. The binding energy of the crystal is 8.5 ev/atom, +ion like thesp? bonds.
which is significantly increased and roughly the same as for
Ceo- We thank B. Pfrommer for help with computations on the
In this C22 structure, the typ& atoms have less freedom T3E computer. This work was supported by the National

If one of the pure carbon solids were to form, it would
ertainly have interesting electron-phonon properties. The
trong double bond would have a significantly higher vibra-
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