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Theoretical study of a body-centered-tetragonal phase of carbon nitride
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We present the results of a theoretical study of a body-centered-tetragonal~BCT! phase of carbon nitride
~CN! with 1:1 stoichiometry using a self-consistent-charge density-functional tight-binding method. This CN
phase is highly stable and has a smallc/a ratio of 0.34 with complicated N and C dimerization along thec axis.
The N atoms form a quasi-one-dimensional polymeric chain structure. Bond lengths as short as 1.16 Å
between C atoms and 1.11 Å between N atoms are obtained along thec axis. However, the bond lengths in the
a-b plane are considerably longer, yielding only a modest bulk modulus of 243 GPa. We examine the structural
and electronic properties to characterize and understand this CN phase.
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I. INTRODUCTION

Since the pioneering work by Cohen,1 there has been con
siderable research interest in the search for new hard or
compressibility materials.2,3 Although there has been no ev
dence so far for the existence of any material harder t
diamond, the hardest material known, the theoretical and
perimental attempts to construct new carbon and carbon
tride materials have led to many theoretical proposals
experimental discoveries of material structures with intere
ing electronic and structural properties. On the theoret
side, beside the various C3N4 phases proposed in earlie
work4,5 and extensively studied in subsequent research,6–15

other crystalline carbon structures16,17 and carbon nitride
phases with 1:1 stoichiometry18,19 and amorphous carbo
nitrides20 with a wide range of stoichiometries and densit
have been investigated. On the experimental side, a lo
effort has been devoted to the synthesis and characteriz
of carbon nitrides in the CxNy phases.21–31 Structural, elec-
trical, mechanical, optical, and thermal properties of th
phases have been extensively investigated. More rece
additional carbon nitride phases have been discovered in
periments. These include a fullereneslike,32 a monoclinic,33 a
tetragonal,34 and some other unknown phases in CNx /TiN
nanocomposite coatings35 and CNx /ZrN multilayers.36

Amorphous C-N films also have been studi
experimentally.37–40

The main interest in carbon and carbon-nitride mater
stems from the belief that relatively short bond lengths a
low bond ionicity in these materials make them primary ca
didates for low-compressibility or superhard materials.2,3 An
important consideration in these research activities is to
the increasingly powerful and reliable computational tools
explore and predict new material structures. In particu
since it is very difficult to grow single-crystal samples
these materials, most experimental results have resolut
too low to accurately identify the crystal structures and
internal atomic arrangement due to the limited quality
samples, and, therefore, theoretical calculations that can
vide further details about the atomistic structure, stabil
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and related physical properties are highly desirable.
This work is motivated by recent experimental result34

showing strong evidence for the existence of a carbon nit
phase with tetragonal symmetry and a stoichiometry clos
CN~1:1!. We have performed self-consistent-charge dens
functional tight-binding total energy calculations to identi
the tetragonal rocksalt crystal structure and internal ato
arrangement for this CN phase.41 The calculated lattice con
stants and thec/a ratio of the tetragonal rocksalt phase
CN are in excellent agreement with experimentally measu
values. In addition, we also have carried out a system
study of cubic-to-tetragonal structural transitions in the c
bon nitrides with 1:1 stoichiometry and have found a high
stable body-centered tetragonal~BCT! CN phase with com-
plex nitrogen and carbon dimerization and the ordering
the nitrogen dimers in the form of a polymeric chainlik
structure.

In this paper, we present the results of a detailed stud
the structural and electronic properties of the BCT phase
CN. We examine the structural details such as the radial
tribution function, the bond angle distribution function, th
carbon and nitrogen dimerization, and the rotation and ord
ing of the nitrogen dimers. We also examine the bond
behavior in the BCT structure, and calculate the electro
band structure. The fully relaxed BCT phase of carbon
tride has a smallc/a ratio of 0.34 and, consequently, bon
lengths as short as 1.16 Å between carbon atoms
1.11 Å between nitrogen atoms along thec axis. However,
the bond lengths in thea-b plane are considerably longe
yielding only a modest bulk modulus of 243 GPa. Althou
this carbon nitride phase turns out not to be a superh
material, its complex internal atomic structure makes i
very interesting material with a nitrogen polymeric cha
structure in resemblance to the so-called polymeric twofo
coordinated chainlike structure observed in a high-press
phase of pure nitrogen.45 The simulation results indicate tha
the BCT phase of CN with the smallc/a ratio of 0.34 is also
a high-pressure phase with compression required along tc
axis.

In Sec. II, we present a brief review of the theoretic
©2001 The American Physical Society07-1
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approach and the simulation constraints. The calcula
structural and electronic properties of the BCT phase of
are reported and discussed in Sec. III, followed by a su
mary in Sec. IV.

II. THEORETICAL APPROACH

For the large-scale total-energy calculations of the ma
atom structures, we use the recently developed s
consistent-charge density-functional based tight-bind
~SCC-DFTB! scheme.42–44 The method is derived from
density-functional theory~DFT! by a second order expansio
of the Kohn-Sham energy functional with respect to cha
fluctuationsdn(rW) relative to a reference densityn0(rW). Ef-
ficiently approximating the second order terms in the den
fluctuations by a simple distribution of atom-centered po
chargesDqI5qI2qI

0 , estimated within a Mulliken analysis
the 2nd-order Kohn-Sham energy reads

E2
DFT5(

i

occ

ni^C i uĤ0uC i&1Erep@n0#1
1

2 (
I ,J

N

g IJDqIDqJ .

~1!

While the first term represents the electronic band struc
energy of the system with occupation numbers of sing
particle statesni , Erep as a short-range repulsive two-partic
interaction includes the ionic repulsion and the Hartree
exchange-correlation double-counting contributions. B
expressions are determined at the reference densityn0. Fi-
nally the third term explicitly accounts for the long-rang
interatomic Coulomb interactions between net point char
at different lattice sites and the onsite self-interaction con
butions of the single atoms. The interaction integralsg IJ re-
duces to the Coulomb form for large distances, they inc
porate screening effects for intermediate distances
approximate as onsite-termsg II the chemical hardness o
Hubbard parameters of the single atoms.

Representing the single-particle electronic states with
minimal basis LCAO~linear combination of atomic orbitals!

expansionC i(rW)5(ncn iwn(rW2RW I) and writing the effective
potential Veff„n0(rW)…5Vext1VH@n0#1VXC@n0# in H0 as a
superposition of atomic contributions, the variational mi
mization of the approximate Kohn-Sham ener
dE2

DFT/dC i* (rW)50 with the normalization constraint yield
a set of Kohn-Sham equations

(
n

M

cn
i ~Hmn2« iSmn!50, ;m,i , ~2!

which are self-consistent in the Mulliken-charge distributi
through the charge modification of the Hamiltonian matri

Hmn5^wmuĤ0uwn&1
1

2
Smn(

K

N

~g IK1gJK!DqK

5Hmn
0 1Hmn

1 , ;meI ,neJ. ~3!

Since we are further using a DFT-based two-center c
struction of Hamiltonian and overlap integralsHmn

0
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5Hmn(n
0), Smn as well as the repulsive interactionsErep(n0)

versus distance,43,44 the SCC-DFTB method combines th
simplicity and efficiency of common nonorthogonal tw
center tight-binding schemes with a considerably improv
accuracy and chemical transferability. The carbon and ni
gen tight-binding parameters generated using this met
have been thoroughly tested on various molecular, am
phous, and crystalline phases involving carbon and nitro
with excellent results.20,42–44

The periodic boundary conditions are applied during
simulation of the crystal structures. A total of 128 atom
were used in the calculation. The energetic minimization
the structure is obtained at theG point by an optimization of
the supercell and subsequent molecular-dynamics anne
simulations of the internal atomic coordinates. We also h
performed the convergency test and have found that the 1
atom supercell produces satisfactory results for both
equilibrium volume and the cohesive energy.

III. SIMULATION RESULTS AND DISCUSSION

Following the successful structural identification41 of the
tetragonal rocksalt phase of CN observed in experiment,
have carried out a systematic study of the cubic-to-tetrago
structural transition in carbon nitrides with 1:1 stoichiome
and have found additional stable tetragonal CN phases.
most interesting case is the transition from the BCC to
BCT structure. In this paper, we present structural and e
getic details associated with this transition to fully charact
ize this CN structure.

Figure 1 shows the fully relaxed BCT structure. It is o
tained by compressing the BCC structure along thec axis
while allowing a full optimization of the supercell. The stat
structural optimization procedure is followed by a long m
lecular dynamics annealing simulation for further relaxati
of the internal atomic positions. The final structure is o
tained by the steepest decent relaxation.46

The phase transformation from BCC to BCT structure
of a very high energy gain of 2.70 eV/atom. The cohes
energy of the BCT phase is 7.69 eV/atom, close to the va
of 8.07 eV/atom for diamond calculated within the sam
method. This indicates high stability of the BCT structu
The structural optimization of the supercell initially causes
volume shrinkage from 7.45 Å3/atom to 6.35 Å3/atom, re-
sulting in the phase transition from cubic to tetragonal sy
metry with a c/a ratio of 0.49. This volume of the BCT
phase of carbon nitride obtained from static supercell o
mization alone is close to the value obtained in a previo
work on the pure carbon bct-4 structure.17 In the present
work, we apply molecular dynamics annealing simulations
allow further relaxation of the internal atomic positions
the structure. Consequently, two adjacent nitrogen ato
come close to form a N-N dimer. These nitrogen dimers th
rotate away from thec axis and form an ordered polymeri
chainlike structure, resulting in additional structural and v
ume changes with alternating bond lengths of 1.11 Å a
1.15 Å for the N dimers and a reducedc/a ratio of 0.34.
Due to a large expansion of the lattice constants in thea-b
plane during the molecular dynamics simulation, the fin
7-2
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THEORETICAL STUDY OF A BODY-CENTERED- . . . PHYSICAL REVIEW B 64 094107
equilibrium volume of the BCT phase increases to 1
Å/atom. It should be pointed out that there are several ene
barriers47 that have to be overcome in the simulation proc
dure at largerc/a ratios to reach the BCT structure with th
c/a ratio of 0.34. This implies that experimental realizati
of the BCT phase of CN will require the application of pre
sure along thec axis.

To obtain a qualitative understanding of the stru
ural transition from the BCC to the BCT phase, we exam
the relative bond strength in these two phases. T
bond energy sequenceE~N[N!>E~C[N!>E~C[C!
>E~C5C!>E~N5N!>E~C5N!>E~C-C!>E~C-N!>E~N-N!
is known for the CN systems.48 In the BCC-to-BCT transi-
tion, energetically more favorable bonds are formed. To
lustrate this point, we plot in Fig. 2 the radial distributio
function of the BCC and the BCT structures. It is seen t
there is a clear overall shift in the distribution function t
ward the small-distance side in the BCC-to-BCT transitio
Contributions to all the peaks in the radial distribution fun
tion have been identified. Of particular interest is the obs
vation that energetically more favorable C5C double bonds,
C[C triple bonds, and N5N double bonds are formed in th
BCT phase whereas only weak single bonds exist in the B
phase. We notice that the bond lengths of the N dimers in

FIG. 1. The primitive cell of the fully relaxed BCT phase of CN
The black circles represent nitrogen atoms and the gray~open!
circles represent carbon atoms with~without! dimerization along
thec axis that points into the paper. The alternating bond length
the N dimers are 1.11 Å~attached to N65! and 1.15 Å~attached to
N127!. The C rows at the corner of the primitive cell have altern
ing bond lengths of 1.31 Å~between C59 and C3! and 1.37 Å,
while those on the edge of the primitive cell have alternating bo
lengths of 1.16 Å and 1.52 Å. The lengths of the bonds betwee
N atom and its first (N1552C59) and second (N1552C3) nearest
C atoms are 2.46 Å and 2.60 Å. The bond length between th
atoms in thea-b plane is 3.96 Å. This structure has aC2 symme-
try.
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BCT phase are very close to the value of 1.094 Å for is
lated N2 molecules.49

Another interesting issue is the role of the orientation
ordering of N dimers in the structural transition. The rotati
of the nitrogen dimers and the subsequent formation of
zig-zag N dimer chains are found to play an important role
further stabilizing the CN structure. We have studied seve
orientational configurations of the ordered nitrogen dimers
the BCT structure. Figure 3 shows three different configu
tions of the ordered nitrogen dimers. The most stable c
figuration shown in Fig. 3~c! has the nitrogen dimers point
ing in different directions with a 0.18 eV/atom energy ga
over the unrotated linear N dimer configuration. These
dimers form zig-zag polymeric chains along thec axis. It is
noticed that the rotational ordering of the N dimers affect
energetics of the system by changing the local bonding
vironment but it does not cause any change in the volum
the c/a ratio.

In addition to the structural characterization presen
above, we also have calculated the charge distribution
the electronic band structure of the BCT phase of CN.
first examine the charge distribution and the bonding cha
teristics. Figure 4 shows the contour plot of the valen
charge density of the BCT phase in the@001# plane. It should
be noticed that C atoms on the edge of the primitive cell~see
Fig. 1! are out of the@001# plane due to a slight buckling o
the C-C bonds resulted from the structural relaxation. A
result, only very low charge densities from these C atoms
projected onto the@001# plane. The top N atoms in the N
dimers are also slightly out of the@001# plane with the down
N atoms further away. However, since thep electrons on the
N atoms are orientated along thec axis, their charge projec
tion is stronger than those of the out-of-the-plane C ato
whose p electrons are orientated in thea-b plane. Since

f

-

d
a

C

FIG. 2. Radial distribution function for the BCC and the BC
phase of CN. All the peaks in both cases have been identifi
Those with small radial distances are specified as follows. The
peak in the BCC phase is contributed by the nearest C-N bonds
the second BCC peak is due to the nearest C-C bonds and
nearest N-N bonds. In the case of the BCT phase, the first pea
due to the C[C triple bonds and the N5N double bonds, the sec
ond peak is due to the C5C double bonds, and the third peak th
C-C single bonds.
7-3
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there is no high charge density contour between the C
the nearest N dimers, i.e., the charges are concentrated o
atoms not on the bonds, bonding in this BCT phase does
have a strong covalent character. However, it does sho
unique bonding characteristic between a C atom and its near
est C atoms and two nearest N dimers. Each C atom m
not only four bonds with the nearest N dimers but also t
other bonds with the nearest C atoms~out of the@001# plane
and not shown in the figure!, one strong double bond o
length 1.31 Å with the up C atom and one weak dou
bond of length 1.37 Å with the down C atom. Overall, the
atom has two strong carbon bonds and four fairly weak C
bonds in this configuration. The charge density of C ato
located at the corner and the center is fairly elliptically sy
metric around the atoms, demonstratingsp-hybrid electrons
of C atoms. The directional orientation ofp electrons of the
corner C atoms is perpendicular to that of the center C at
Four p electrons of the N dimers also clearly appear in t

FIG. 3. Three configurations of the ordered nitrogen dimers
the BCT phase of CN with different N dimer rotation patterns. T
arrows point from the down-atom toward the up-atom and indic
the orientation of the nitrogen dimers. The energy gains relativ
that of the unrotated linear N dimer chain structure are~a! 0.10
eV/atom,~b! 0.04 eV/atom, and~c! 0.18 eV/atom. The black~open!
circles represent nitrogen~carbon! atoms.
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plot. Overall, the Jahn-Teller distortion is clearly seen in bo
C atoms and the N dimer. The bonding character of char
is quantitatively described by the percentage of thes charac-
ter involved.50 For the BCT phase thes character of carbon
atoms is 29%, implying a hybridization betweensp2 and
sp3, while thes character of nitrogen atoms is 33%, indica
ing exactlysp2 hybridization.

n

e
to

FIG. 4. The valence charge density plot for the BCT phase
CN in the@001# plane. The contour plot is in steps of 0.2 a.u. fro
0.00 to 2.00 a.u. The black~white! area indicates higher~lower!
electron density. The five big contours at the corner and ce
represent the valence charge density of C atoms. The four s
contours between these C atoms represent the valence charge
sity of N dimers. There are four spherically symmetric images at
edge, coming from the out-of-the-plane C atoms as a result of
slight buckling of the C-C bonds after the structural relaxation. T
gray areas between the C atoms and the neighboring N dim
indicate weak covalent bonding environment in the BCT phase
CN.

FIG. 5. Band structure for the BCT phase of CN. The Fer
energy is atE50 eV.
7-4
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Figure 5 shows the calculated electronic band structur
the BCT phase of CN. A small band gap of 0.12 eV is o
tained. However, it should be noted that since a minim
LCAO basis is used in the present SCC-DFTB calculati
the value obtained here may represent an overestimate o
actual band gap. Given the small value of the calculated b
gap, our results are inconclusive about the existence
band gap in the BCT phase of CN.

IV. SUMMARY

We have carried out a theoretical study of a body-cente
tetragonal phase of carbon nitride with 1:1 stoichiometry
ing a self-consistent-charge density-functional tight-bind
method. Interesting structural features such as a smallc/a
ratio of 0.34 and complicated nitrogen and carbon dimeri
tion along thec axis have been found. Very short bon
lengths of the C and N dimers along thec axis combined
with long bond lengths in thea-b plane yield a modest o
bulk modulus of 243 GPa. This carbon nitride structure ha
high cohesive energy close to that of diamond, indicat
e

m

B

e

d
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high stability. We also have examined the bond and cha
distribution in the BCT structure and have calculated
electronic band structure. The shortc axis in the structure is
obtained only after several energy barriers have been o
come during the simulation process. It suggests that, un
the recently discovered tetragonal rocksalt phase of
which also has a smallc/a ratio but does not encounter an
energy barrier in reaching the equilibrium structure in t
simulation, the formation of the BCT phase of CN will re
quire applied pressure along thec axis. Experimental confir-
mation of this theoretically predicted structure will not on
expand the family of carbon nitrides with tetragonal symm
try but also stimulate further exploration for different C
phases.
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