PHYSICAL REVIEW B, VOLUME 64, 094107

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-tetra@itl 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 sneé# ratio of 0.34 with complicated N and C dimerization along ¢heis.
The N atoms form a quasi-one-dimensional polymeric chain structure. Bond lengths as short as 1.16 A
between C atoms and 1.11 A between N atoms are obtained alongig 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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[. INTRODUCTION and related physical properties are highly desirable.
This work is motivated by recent experimental restilts

Since the pioneering work by Cohéthere has been con- showing strong evidence for the existence of a carbon nitride
siderable research interest in the search for new hard or lowhase with tetragonal symmetry and a stoichiometry close to
compressibility materialé® Although there has been no evi- CN(1:1). We have performed self-consistent-charge density-
dence so far for the existence of any material harder thafunctional tight-binding total energy calculations to identify
diamond, the hardest material known, the theoretical and exhe tetragonal rocksalt crystal structure and internal atomic
perimental attempts to construct new carbon and carbon narrangement for this CN phaeThe calculated lattice con-
tride materials have led to many theoretical proposals andtants and the/a ratio of the tetragonal rocksalt phase of
experimental discoveries of material structures with interestCN are in excellent agreement with experimentally measured
ing electronic and structural properties. On the theoreticalalues. In addition, we also have carried out a systematic
side, beside the various;N, phases proposed in earlier study of cubic-to-tetragonal structural transitions in the car-
work*® and extensively studied in subsequent resefrth, bon nitrides with 1:1 stoichiometry and have found a highly
other crystalline carbon structuf@s’ and carbon nitride stable body-centered tetrago8CT) CN phase with com-
phases with 1:1 stoichiomet*® and amorphous carbon plex nitrogen and carbon dimerization and the ordering of
nitrides® with a wide range of stoichiometries and densitiesthe nitrogen dimers in the form of a polymeric chainlike
have been investigated. On the experimental side, a lot dftructure.
effort has been devoted to the synthesis and characterization In this paper, we present the results of a detailed study of
of carbon nitrides in the N, phases$! % Structural, elec-  the structural and electronic properties of the BCT phase of
trical, mechanical, optical, and thermal properties of thes€CN. We examine the structural details such as the radial dis-
phases have been extensively investigated. More recentliribution function, the bond angle distribution function, the
additional carbon nitride phases have been discovered in exarbon and nitrogen dimerization, and the rotation and order-
periments. These include a fullereneslike, monoclinic®a  ing of the nitrogen dimers. We also examine the bonding
tetragonaf* and some other unknown phases in NN behavior in the BCT structure, and calculate the electronic
nanocomposite coatings and CN/ZrN multilayers®®  band structure. The fully relaxed BCT phase of carbon ni-
Amorphous C-N films also have been studiedtride has a smalt/a ratio of 0.34 and, consequently, bond
experimentally’’~4° lengths as short as 1.16 A between carbon atoms and

The main interest in carbon and carbon-nitride materialsl.11 A between nitrogen atoms along ihexis. However,
stems from the belief that relatively short bond lengths andhe bond lengths in tha-b plane are considerably longer,
low bond ionicity in these materials make them primary can-yielding only a modest bulk modulus of 243 GPa. Although
didates for low-compressibility or superhard materfalé\n  this carbon nitride phase turns out not to be a superhard
important consideration in these research activities is to usmaterial, its complex internal atomic structure makes it a
the increasingly powerful and reliable computational tools tovery interesting material with a nitrogen polymeric chain
explore and predict new material structures. In particularstructure in resemblance to the so-called polymeric twofold-
since it is very difficult to grow single-crystal samples of coordinated chainlike structure observed in a high-pressure
these materials, most experimental results have resolutiorghase of pure nitrogeft. The simulation results indicate that
too low to accurately identify the crystal structures and thethe BCT phase of CN with the smalla ratio of 0.34 is also
internal atomic arrangement due to the limited quality ofa high-pressure phase with compression required along the
samples, and, therefore, theoretical calculations that can prexis.
vide further details about the atomistic structure, stability, In Sec. Il, we present a brief review of the theoretical
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approach and the simulation constraints. The calculated:HW(nO), S, as well as the repulsive interactiog.{no)
structural and electronic properties of the BCT phase of CNversus distanc&** the SCC-DFTB method combines the
are reported and discussed in Sec. lll, followed by a sumsimplicity and efficiency of common nonorthogonal two-

mary in Sec. IV. center tight-binding schemes with a considerably improved
accuracy and chemical transferability. The carbon and nitro-
Il. THEORETICAL APPROACH gen tight-binding parameters generated using this method

) have been thoroughly tested on various molecular, amor-
For the large-scale total-energy calculations of the manytphous, and crystalline phases involving carbon and nitrogen
atom structures, we use the recently developed selfyith excellent resulté&®42—44
consistent-charge  density-functional  based _tight-binding  The periodic boundary conditions are applied during the
(SCC-DFTB schemé?™** The method is derived from gimylation of the crystal structures. A total of 128 atoms
density-functional theoryDFT) by a second order expansion yere ysed in the calculation. The energetic minimization of
of the Kohn-Sham energy functional with respect to charggne structure is obtained at tiiepoint by an optimization of
fluctuationsén(r) relative to a reference densihy(r). Ef-  the supercell and subsequent molecular-dynamics annealing
ficiently approximating the second order terms in the densitysimulations of the internal atomic coordinates. We also have
fluctuations by a simple distribution of atom-centered pointperformed the convergency test and have found that the 128-
chargesAq,=q,—q?, estimated within a Mulliken analysis, atom supercell produces satisfactory results for both the

the 2nd-order Kohn-Sham energy reads equilibrium volume and the cohesive energy.
occ 1 N
ESFT=2 ni(Wi|Ao| W)+ E e ol + > > viAgqiAg;. Ill. SIMULATION RESULTS AND DISCUSSION
i N
(1) Following the successful structural identificattorof the

tetragonal rocksalt phase of CN observed in experiment, we

While the first term reprgsents the e]ectromc band Stmcwrﬁave carried out a systematic study of the cubic-to-tetragonal
energy of the system with occupation numbers of single-

ticle stat E hort lsive t o] structural transition in carbon nitrides with 1:1 stoichiometry
particle stales); , Eepas a short-range repulsive tWo-particle o,y paye found additional stable tetragonal CN phases. The
interaction includes the ionic repulsion and the Hartree an

. ) S ost interesting case is the transition from the BCC to the
exchange-correlation double-counting contributions. Botl*\3 g

4 determined at th ¢ densitFi CT structure. In this paper, we present structural and ener-
expressions are determined at the relerence deng ¥i- getic details associated with this transition to fully character-
nally the third term explicitly accounts for the long-range

interatomic Coulomb int ! bet t boint ch ize this CN structure.
interatomic *-oulomb Interactions between net point charges Figure 1 shows the fully relaxed BCT structure. It is ob-

at q#ferent Iattlc_e sites and the or_\sne se_lf-lnf[eractlon contriy inad by compressing the BCC structure along ¢hexis
butions of the single atoms. The interaction integrlsre-

q o the Coulomb f for | dist thev | while allowing a full optimization of the supercell. The static
uces to the Loulomb form for large distances, ey NCOgy oy rq) optimization procedure is followed by a long mo-

porate _screening e_ffects for mtermed@te distances an cular dynamics annealing simulation for further relaxation
approximate as onsite-termg the chemical hardness or of the internal atomic positions. The final structure is ob-
Hubbard parameters of the single atoms. . tained by the steepest decent relaxaffon.

_Representlng the §|ngle-part|qle e_Iectromc states W'th'n a The phase transformation from BCC to BCT structure is
minimal basséLCAO(Imearécorﬁnblnatlon of atomic orbitals of a very high energy gain of 2.70 eV/atom. The cohesive
expansionV’;(r) = 2,¢,i¢,(r —R) and writing the effective  energy of the BCT phase is 7.69 eV/atom, close to the value
potential Vg(Ng(r))=Vext VulNol+VxclNol in Hy as a  of 8.07 eV/atom for diamond calculated within the same
superposition of atomic contributions, the variational mini-method. This indicates high stability of the BCT structure.
mization of the approximate Kohn-Sham energy The structural optimization of the supercell initially causes a
SEDFT/6W# (r)=0 with the normalization constraint yields volume shrinkage from 7.45 #atom to 6.35 R/atom, re-

a set of Kohn-Sham equations sulting in the phase transition from cubic to tetragonal sym-
metry with ac/a ratio of 0.49. This volume of the BCT
, phase of carbon nitride obtained from static supercell opti-
> c(H,,—£S,,)=0, VYu.i, (2 mization alone is close to the value obtained in a previous
v work on the pure carbon bct-4 structdfeln the present
which are self-consistent in the Mulliken-charge distributionwork, we apply molecular dynamics annealing simulations to
through the charge modification of the Hamiltonian matrix, allow further relaxation of the internal atomic positions in
the structure. Consequently, two adjacent nitrogen atoms
come close to form a N-N dimer. These nitrogen dimers then

M

N

H,=(¢eulHole,) + ES“VEK: (7K + 73k Adk rotate away from the axis and form an ordered polymeric
chainlike structure, resulting in additional structural and vol-
:sz+ H;lw, Vel ,vel. 3 ume changes with alternating bond lengths of 1.11 A and

1.15 A for the N dimers and a reduceda ratio of 0.34.
Since we are further using a DFT-based two-center conbue to a large expansion of the lattice constants inate
struction of Hamiltonian and overlap integraleifw plane during the molecular dynamics simulation, the final

094107-2



THEORETICAL STUDY OF A BODY-CENTERED. . . PHYSICAL REVIEW B 64 094107

C3

2
(=]

---- BCC
— BCT

n
o
T

[ i

-
o
T

v
"

1y !
N '
[N

[

[

[

|
1

T it

Distance (A)

:

FIG. 2. Radial distribution function for the BCC and the BCT
phase of CN. All the peaks in both cases have been identified.
U UL Those with small radial distances are specified as follows. The first
peak in the BCC phase is contributed by the nearest C-N bonds and
the second BCC peak is due to the nearest C-C bonds and the
nearest N-N bonds. In the case of the BCT phase, the first peak is
due to the &C triple bonds and the NN double bonds, the sec-
ond peak is due to the-€C double bonds, and the third peak the
C-C single bonds.
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FIG. 1. The primitive cell of the fully relaxed BCT phase of CN.
The black circles represent nitrogen atoms and the dopen
circles represent carbon atoms witithout) dimerization along
the c axis that points into the paper. The alternating bond lengths of )
the N dimers are 1.11 Aattached to N6pand 1.15 A(attachedto BCT phase are very close to the value of 1.094 A for iso-
N127). The C rows at the corner of the primitive cell have alternat-lated N, molecules®
ing bond lengths of 1.31 Abetween C59 and G3and 1.37 A, Another interesting issue is the role of the orientational
while those on the edge of the primitive cell have alternating bondordering of N dimers in the structural transition. The rotation
lengths of 1.16 A and 1.52 A. The lengths of the bonds between @f the nitrogen dimers and the subsequent formation of the
N atom and its first (N155 C59) and second (N155C3) nearest  zig-zag N dimer chains are found to play an important role in
C atoms are 2.46 A and 2.60 A. The bond length between the Gurther stabilizing the CN structure. We have studied several
atoms in thea-b plane is 3.96 A. This structure hassa symme-  orientational configurations of the ordered nitrogen dimers in
try. the BCT structure. Figure 3 shows three different configura-

tions of the ordered nitrogen dimers. The most stable con-
equilibrium volume of the BCT phase increases to 10.Y%iguration shown in Fig. @) has the nitrogen dimers point-
A/atom. It should be pointed out that there are several energing in different directions with a 0.18 eV/atom energy gain
barrieré’ that have to be overcome in the simulation proce-over the unrotated linear N dimer configuration. These N
dure at largerc/a ratios to reach the BCT structure with the dimers form zig-zag polymeric chains along thexis. It is
c/a ratio of 0.34. This implies that experimental realization noticed that the rotational ordering of the N dimers affect the
of the BCT phase of CN will require the application of pres- energetics of the system by changing the local bonding en-
sure along the axis. vironment but it does not cause any change in the volume or

To obtain a qualitative understanding of the struct-the c/a ratio.
ural transition from the BCC to the BCT phase, we examine In addition to the structural characterization presented
the relative bond strength in these two phases. Thabove, we also have calculated the charge distribution and
bond energy sequence E(N=N)=E(C=N)=E(C=C) the electronic band structure of the BCT phase of CN. We
=E(C=C)=E(N=N)=E(C=N)=E(C-C)=E(C-N)=E(N-N) first examine the charge distribution and the bonding charac-
is known for the CN systenf.In the BCC-to-BCT transi- teristics. Figure 4 shows the contour plot of the valence
tion, energetically more favorable bonds are formed. To il-charge density of the BCT phase in {i#®1] plane. It should
lustrate this point, we plot in Fig. 2 the radial distribution be noticed that C atoms on the edge of the primitive (e
function of the BCC and the BCT structures. It is seen thafFig. 1) are out of thgd001] plane due to a slight buckling of
there is a clear overall shift in the distribution function to- the C-C bonds resulted from the structural relaxation. As a
ward the small-distance side in the BCC-to-BCT transition.result, only very low charge densities from these C atoms are
Contributions to all the peaks in the radial distribution func- projected onto th¢001] plane. The top N atoms in the N
tion have been identified. Of particular interest is the obserdimers are also slightly out of tHe01] plane with the down
vation that energetically more favorable=C double bonds, N atoms further away. However, since theelectrons on the
C=C triple bonds, and N N double bonds are formed in the N atoms are orientated along tbexis, their charge projec-
BCT phase whereas only weak single bonds exist in the BC@on is stronger than those of the out-of-the-plane C atoms
phase. We notice that the bond lengths of the N dimers in thevhose = electrons are orientated in tteeb plane. Since
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1’ e FIG. 4. The valence charge density plot for the BCT phase of
CN in the[001] plane. The contour plot is in steps of 0.2 a.u. from
o e} 0.00 to 2.00 a.u. The blactwhite) area indicates higheflower)
electron density. The five big contours at the corner and center
represent the valence charge density of C atoms. The four small
P, contours between these C atoms represent the valence charge den-
P J ® sity of N dimers. There are four spherically symmetric images at the
c AV edge, coming from the out-of-the-plane C atoms as a result of the
( ) slight buckling of the C-C bonds after the structural relaxation. The
O @) gray areas between the C atoms and the neighboring N dimers
K indicate weak covalent bonding environment in the BCT phase of
CN.
® L4
4 plot. Overall, the Jahn-Teller distortion is clearly seen in both
- - C atoms and the N dimer. The bonding character of charges

FIG. 3. Three configurations of the ordered nitrogen dimers in
the BCT phase of CN with different N dimer rotation patterns. The

is quantitatively described by the percentage ofdlebarac-
ter involved® For the BCT phase the character of carbon
atoms is 29%, implying a hybridization betweep? and

3 . . . . -
arrows point from the down-atom toward the up-atom and indicaté® P+ While thes character of nitrogen atoms is 33%, indicat-
the orientation of the nitrogen dimers. The energy gains relative t6N9 exactlysp? hybridization.

that of the unrotated linear N dimer chain structure @e0.10
eV/atom,(b) 0.04 eV/atom, andc) 0.18 eV/atom. The blactopen
circles represent nitrogefcarbor) atoms.

there is no high charge density contour between the C anc
the nearest N dimers, i.e., the charges are concentrated on tt
atoms not on the bonds, bonding in this BCT phase does no~
have a strong covalent character. However, it does show %
unique bonding characteristic betwea C atom and its near- ;
est C atoms and two nearest N dimers. Each C atom make®
not only four bonds with the nearest N dimers but also two &
other bonds with the nearest C atofosit of the[001] plane W
and not shown in the figuyeone strong double bond of
length 1.31 A with the up C atom and one weak double
bond of length 1.37 A with the down C atom. Overall, the C
atom has two strong carbon bonds and four fairly weak C-N
bonds in this configuration. The charge density of C atoms
located at the corner and the center is fairly elliptically sym-
metric around the atoms, demonstratsyhybrid electrons

of C atoms. The directional orientation af electrons of the

(\\ie

>
=
=~

corner C atoms is perpendicular to that of the center C atom. FIG. 5. Band structure for the BCT phase of CN. The Fermi
Four 7 electrons of the N dimers also clearly appear in thisenergy is aE=0 eV.
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Figure 5 shows the calculated electronic band structure dfigh stability. We also have examined the bond and charge
the BCT phase of CN. A small band gap of 0.12 eV is ob-distribution in the BCT structure and have calculated the
tained. However, it should be noted that since a minimaklectronic band structure. The shoréxis in the structure is
LCAO basis is used in the present SCC-DFTB calculationpbtained only after several energy barriers have been over-
the value obtained here may represent an overestimate of tkeme during the simulation process. It suggests that, unlike
actual band gap. Given the small value of the calculated bantthe recently discovered tetragonal rocksalt phase of CN

gap, our results are inconclusive about the existence of
band gap in the BCT phase of CN.

IV. SUMMARY

We have carried out a theoretical study of a body-centere

which also has a smatl/a ratio but does not encounter any
energy barrier in reaching the equilibrium structure in the
simulation, the formation of the BCT phase of CN will re-
quire applied pressure along thexis. Experimental confir-
mation of this theoretically predicted structure will not only
@xpand the family of carbon nitrides with tetragonal symme-

tetragonal phase of carbon nitride with 1:1 stoichiometry UStry but also stimulate further exploration for different CN
ing a self-consistent-charge density-functional tight-bindingypases.

method. Interesting structural features such as a sofall

ratio of 0.34 and complicated nitrogen and carbon dimeriza-

tion along thec axis have been found. Very short bond
lengths of the C and N dimers along tkeaxis combined
with long bond lengths in tha-b plane yield a modest of
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