
grals are neglected as a result of the screen- 
ing techniques (Fig. 5). Thus, a mere 
-1.5% of all interactions in this molecule 
are treated by analytic integration. Howev- 
er, this computation is costly (Fig. 4). 

In the GFMM, the separation between NF 
and FF is done in terms of uncontracted Gaus- 
sian functions because the product of two 
contracted Gaussians gives a linear combina- 
tion of Gaussian distributions with different 
exponents centered at different points. The 
range criterion explained above thus has to be 
individually applied to these charge distribu- 
tions. On the other hand, modern Gaussian 
integral packages, and in particular the 
PRISM algorithm (10) used in the Gaussian 
program (8), utilize contracted basis sets, 
thereby significantly reducing the computa- 
tional cost of evaluating integrals over the 
uncontracted set. We estimate (Figs. 4 and 5) 
that calculating NF integrals. over uncon- 
tracted rather than contracted functions for 
the 3-21G basis increases the computational 
cost by a factor of 5. This factor imposes a 
lower bound on the percentage of interactions 
that must be included' in the FF for the 
GvFMM to become competitive with analytic 
integration. Given an overhead factor of 5 
and neglecting the cost of FF evaluation, the 
GvFMM would be more expensive than ana- 
lytic integration whenever more than 20% of 
all interactions were included in the NF. In 
our benchmarks, this break-even point is 
achieved at small molecular size (Fig. 5). 

In a timing comparison in a fully uncon- 
tracted basis set, the GvFMM became as 
much as 50 times faster than analytic inte- 
gration for fairly small-size molecular sys- 
tems. All results reported in this paper were 
obtained with contracted bases, because 
these are commonly used in practical cal- 
culations. These results, although limited to 
benchmark graphene-sheets, are also valid 
for more complex materials. Given the 
speed, accuracy, and scaling properties of 

a 40 Screened out in NF 

0 20 

P 

0 1000 2000 3000 4000 

Number of basis functions 

Fig. 5. (0) Percentage of interactions (uncon- 
tracted two-electron integrals) included in the FF 
component of the GvFMM (for the optimum box- 
size distribution used in Fig. 2) and treated by the 
tree hierarchy. (0) Percentage of uncontracted 
two-electron integrals that were prescreened and 
neglected in the NF poriion of the Coulomb prob- 
lem using empirical and mathematical bounds. 

the GvFMM in practical, high-accuracy 
calculations, this method appears very 
promising for future electronic structure 
calculations on large molecular systems. 
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Low-Compressibility Carbon Nitrides 
David M. Teter and Russell J. Hemley 

First-principles calculations of the relative stability, structure, and physical properties of 
carbon nitride polymorphs predict a cubic form of C3N4 with a zero-pressure bulk modulus 
exceeding that of diamond. Like diamond, this new phase could potentially be synthesized 
at high pressure and quenched to ambient pressure for use as a superhard material. The 
calculations also predict that a-C3N4 and graphite-C3N4 are energetically favored relative 
to 6-C3N4 and that published diffraction data can be re-indexed as a-C3N, with lower error. 

Intense theoretical and experimental inter- 
est has been focused on the possibility of 
new low-compressibility materials with bulk 
moduli and hardness exceeding that of dia- 
mond. Carbon nitrides have been proposed 
as superhard materials on the basis of empir- 
ical systematics (1 ). First-principles calcula- 
tions have suggested that a hypothetical ma- 
terial, p-C3N,, may have a bulk modulus 
somewhat lower than that of diamond (2 ,  
3). These results have motivated theoretical 
calculations (4-8) and experimental efforts 
to synthesize and characterize this corn- 
pound (10-20). Amorphous C-N films have 
been synthesized (14, 16, 20), and small 
crystallites have been found in some of these 
films (15, 17-1 9). Electron diffraction pat- 
terns of these crystallites were indexed as the 
P-C3N4 structure. However, these data can 
also be fit to carbon phases (9). Other forms 
of carbon nitride with high hardness have 
been suggested, including a fi~llerene-like 
carbon nitride (21) and a crystalline carbon 

D. M. Teter, Geophys~ca Laboratory and Center for Hiqh 

nitride composite (22). In this report, we 
investigate the stability and properties of 
carbon nitrides using first-principles calcu- 
lations and show that a-C3N, and graphite- 
C3N4 are energetically preferred over 
P-C3N4 and describe a cubic form of C3N, 
that may have a zero-pressure bulk modulus 
(KO) exceeding that of diamond and be 
metastable at zero pressure. 

Assuming that a low-energy carbon ni- 
tride structure with a high bulk modulus 
must have carbon four-coordinated with ni- 
trogen, and nitrogen three-coordinated 
with carbon, we have identified several ad- 
ditional prototype structures by considering 
chemical systems with this type of bonding 
topology and by locating dense structures in 
these systems. Using first-principles pseudo- 
potential total energy techniques (23), we 
examined a series of C,N4 polylnorphs to 
determine their energetics, structure, and 
physical properties, including KO, density, 
and band gap. 

Our calculations, like those in earlier 
studies of carbon nitride (4-7). were carried ~ ,, 

Pressure ~esearch; Carnegie lnstiktion of WashingtGn, out using density-fLlnctional 
Washington, DC 20015, USA, and Department of Mate- 
rials Science and Engineering, VirginiaTech, Blacksburg, within the local 
VA, 24061, USA. (LDA) to electron exchange and correla- - 
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High Pressure Research, Carnegie Institution of Wash- 
ington, 5251 Broad Branch Road, NW, Washington, DC, gradient method to lninimize the 
2001 5, USA. degrees of freedom. The electronic wave 
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functions were expanded in a plane-wave 
basis set with periodic boundary conditions. 
We used extended norm-conserving and 
hardness-conserving (ENHC) pseudopo- 
tentials (24). This scheme ensures that the 
total energies of the atom and pseudoatom 
match to second order with respect to arbi- 
trary changes in valence-state occupancy. 
This additional condition has been shown 
to improve pseudopotential transferability 
in studies of diamond-carbon (24), silica 
(25), and the linear response properties of 
free atoms (26). For each structure, we cal- 
culated the total energy over a wide range 
of volumes. At a given volume, we deter- 
mined the positions of the cations and the 
anions by minimizing the forces on the ions, 
and the unit cell edges were determined by 
minimizing the stress on the cell. We fit the 
resulting energies to a Birch equation of 
state (27) to calculate the pressure, KO, and 
pressure derivative of the bulk modulus 
(K'o). 

The P-C3N4 structure is based on the 
P-Si3N4 structure, with C substituted for Si. 
This structure is similar to the phenacite 
(Be2Si04) structure and consists of fourfold 
coordinated carbon linked by threefold co- 
ordinated N atoms into a network of three-, 
four- and sixfold rings of CN4 tetrahedra 
(Fig. 1A). The unit cell contains 14 atoms 
and has P3 symmetry. The a-C,N4 struc- 
ture can be described as an ABAB . . . 
stacking sequence of layers of P-C3N4 (A) 
and its mirror image (B). The unit cell 
contains 28 atoms and has P3,c symmetry 
(Fig. 1B). When the symmetry of the opti- 
mized P3,c structure was relaxed to P3, 
there were no changes in the atomic coor- 
dinates of the structure. The graphitic form 
of carbon nitride consists of an ABAB . . . 
stacking of the planar structure (28) (Fig. 
1C). The unit cell contains 14 atoms and 
exhibits P6m2 symmetry. Another candi- 
date suggested by this analysis is the 
pseudocubic a-CdIn2Se4 structure (31) 

(Fig. ID). This structure can be classified as 
a defect-zincblende structure type, a struc- 
ture type previously predicted for C3N4 by 
Liu et al. (6). It exhibits P42m symmetry 
and contains seven atoms in the unit cell. 
We also searched for possible candidate 
structures in the Zn2Si04 system, because 
the zero-pressure willemite-I structure is iso- 

morphous with that of phenacite. In a study 
of high-pressure transformations in zinc sil- 
icates, Syono et al. found that the wil- 
lemite-I structure transforms to the wil- 
lemite-I1 structure at 3 GPa at 1400°C and 
can be quenched to ambient conditions 
(29). The willemite-I1 structure exhibits 
142d symmetry and has 28 atoms in the unit 

Fig. 1. Representation of the p-C3N4 (A), a-C3N4 (B), graphite-C,N4 (C), pseudocubic-C3N4 (D), and 
cubic-C3N4 (E) structures down the [OOl] axis. The carbon and nitrogen atoms are depicted as gray and 
blue spheres, respectively. 

Table 1. Equilibrium structural parameters, bulk moduli, and total energies The calculations were completed at a kinetic energy cutoff of 60 Hartrees. The 
calculated for a-C3N4, p-C3N4, cubic-C3N4, pseudocubic-C3N4, and graph- structural parameters were considered to be fully relaxed when the forces on 
ite-C3N4. The differences in total energies are converged to below 0.008 eV the ions were less than 0.02 ev/A a$d all Pulay-corrected stress tensor 
per C3N4 unit with respect to k-point integration and kinetic energy cutoff. components were less than 0.002 eV/A3. 

a-C3N4 P-C3N4 Cubic-C3N4 Pseudocubic-C3N4 Graphitic-C,N4 

Space group P3,c (159) P3 (1 43) 143d (220) ~ 4 2 r n  (1 1 1) &2 (1 87) 
z 4 2 4 1 2 
a (4 6.4665 6.401 7 5.3973 3.4232 4.7420 
C (4 4.7097 2.4041 6.7205 
C1 (0.5171,0.0813, 0.2102) (0.7732, 0.1784, 0.2499) (0.8750, 0.0000, 0.2500) (0.0000, 0.0000, 0.0000) (0.3517,0.1759,0.0000) 
C2 (0.1656, 0.2547, 0.9905) (0.2271, 0.8216, 0.7501) (0.5000, 0.0000,0.5000) (0.0197, 0.5099,0.5000) 
N1 (0.0000, 0.0000, 0.0000) (0.3333, 0.6667, 0.7500) (0.281 2, 0.281 2,0.2812) (0.2454, 0.2454,0.2547) (0.0000, 0.0000, 0.0000) 
N2 (0.3333, 0.6667, 0.6278) (0.6667, 0.3333, 0.2500) (0.6667, 0.3333, 0.5000) 
N3 (0.3471, 0.951 0, 0.9706) (0.0331, 0.3309, 0.2502) (0.1 694, 0.3387, 0.5000) 
N4 (0.31 48, 0.31 88, 0.2423) (0.9669, 0.6705,0.7498) (0.5026,0.4974,0.0000) 
p,,, (atom-mol/cm3) 0.2726 0.2724 0.2957 0.2897 0.1776 
KO (GPa) 425 45 1 496 448 - 
K'o 3.1 3.3 3.4 3.4 - 
E, (eV/unit) - 1598.669 - 1598.403 - 1597.388 - 1597.225 -1598.710 
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cell. T h e  cubic-C3N, we studied in this 
work is based on  the high-pressure wil- 
lemite-I1 structure (30) of Zn,Si04. When  
C was substituted for Zn and Si, and N was 
substituted for 0. it was found that this 
structure adopts cubic 143m symmetry when 
the structure is allowed to  relax (Fig. 1E). 

All of the tetrahedrally coordinated 
structures exhibit similar C-N bond lengths 
and intertetrahedral C-N-C and intratetra- 
hedral N-C-N bond angles (Table 1).  As 
shown in Fig. 2, a-C,N, is predicted to have 
a lower energy than P-C,N, at all volumes. 
W e  find that diffraction data ( 1  5. 17, 18) . , 

can be re-indexed as a - C j N 4  with lower 
root-mean-square error. This result agrees 
with earlier work by Guo and Goddard (8) 
using interatomic ~otentials.  As shown in 

u 

Fig. 2, the graphite-CjN4 structure is predict- 
ed to have a slightly lower energy than 
a-C,N,. This result agrees qualitatively with 
earlier calculations comparing the energetics 
of planar-C,N, to thuse of P-C,N4 (6,  7). 
This structure should be a good candidate 
precursor for the high-pressure synthesis of 
C,N4 compounds. 

The  zero-nressure cubic-C,N, structure 
is higher ii energy than hotk a -  and 
P-C3N,, but became the energetically fa- 
vorable structure as the volumes were de- 
creased. W e  predicted that the transition 
pressure from a- to cubic-C,N4 is approxi- 
mately 68 GPa. T h e  predicted transition 
pressure from graphite-C,N4 to  cubic-C,N4 
is approximately 12 GPa, which can he 
easily attained using large volume presses. 

For the cubic-C,N4 structure, the calcu- 
lated K, is 496 GPa, which is greater than 
the experimental Kc of diamond of 442 GPa 
(32).  These results suggest that cubic-C3N, 
may also exhibit high hardness (33).  In 
order to  assess the mechanical stability of 
cubic-CjN4, we displaced the internal co- 
ordinates at a variety of volumes. T h e  atoms 
returned to their initial positions following 
energy minim~zation under PI symmetry. 

Hence the structure is nredicted to be me- 
chanically stable at high pressures as well as 
at  ambient nressures. W e  also determined 
the elastic constants of cubic-CjN4 using 
established first-principles techniques (34).  
T h e  structure meets the Born stability cri- 
teria for mechanical stability 135). 

T h e  widespread interest in carbon ni- 
trides also arises from their predicted wide 
band gap and high atomic density. T h e  
calculated band gap of the cubic-C,N4 
phase is 2.90 eV. For a - C j N 4  and P-CjN4 
the calculated band gaps are 3.85 and 3.25 
eV, respectively. In all cases, the gap is 
found to  be indirect. Because LDA usually 
underestimates experimental band gaps by 
15 to  20%, the actual band gaps of the 
carbon nitride structures, if they can be 
synthesized, should be higher. All of these 
phases except graphite-C3N4 have predict- 
ed atomic densities approaching that of di- 
amond (experimental result: 0.2950 mol- 
atoms/cm3; LDA result: 0.3007 mol-atoms/ 
cm'). W e  find that the atomic density of 
cubic-C3N, is 0.2957 mol-atoms/cm3. 

O n  the basis of the  high atomic density 
and bonding topology of this structure, 
cubic-C,N, should be a n  excellent ther- 
mal conductor. Most experimental studies 
of carbon nitrides have been carried out a t  
ambient or low-pressure conditions. Our  
results indicate that high-pressure synthe- 
sis should be important in the  search for 
new carbon nitrides. T h e  calculated tran- 
sition pressure to  the  cubic-C3N, phase 
from low-pressure phases (graphite-C,N4 
or a - C j N 4 )  is within reach of modern 
high-pressure techniques. Moreover, the  
predicted transition pressure for synthesis 
of cubic-CjN4 from the graphite-C,N4 
phase is within the reach oi  large volume 
presses, which would allow synthesis a t  a n  
industrial scale. Our  results suggest that it 
may also he possible to synthesize other 
high-pressure carbon nitrides with low 
compressibility (for example, pseudocu- 

b ~ c - C , N 4 )  as pressure-quenchable meta- 
stable phases. 

Fig. 2. Total energles as a funct~on -1595 00 
of volume for the structures stud- 
led The curves were generated -1 595 50- 
from f~ts to the calculated data 
polnts uslng the Blrch equat~on of -159600- 
state For the a-C3N, structure, we 5 
predlct a KO of 425 GPa For the < -159650- 
p-C,N, structure, the KO IS 451 s 
GPa and does not change slgn~fl- J -159700- 
cantly when the symmetry con- $ 
stra~nts are lowered from P6,lm to -1597 50. 
P3 The KO for pseudocub~c-C3N4 
structure IS also h~gh (448 GPa) al- -1598 OO. 
though thls phase does not appear 
to be energetically favorable relat~ve -1598 50- 
to a-C,N, and cub~c-C3N4, ~t IS 

conce~vable that thls mater~al could -1 599 O\2 
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