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Relative stability of some possible phases of graphitic carbon nitride

J. E. Lowther
Department of Physics, University of the Witwatersrand, Johannesburg, South Africa

~Received 4 November 1998!

Various graphitic phases of C3N4 are examined using the local-density approximation plane-wave-

pseudopotential approach. These are three forms ofp graphite and theP6̄m2 graphite structure. Each differs
only in planar stacking and character of planar C-N bonds. Two forms ofp graphite are predicted to be stable

with energies very close to theP6̄m2 structure. This suggests a strong phase instability of the graphite
structures and material softening along thec axis. @S0163-1829~99!09217-6#
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I. INTRODUCTION

Despite continuing numbers of reports of the synthesis
the super-hard material C3N4 the difficulty to produce large
enough samples for a precise structural characterizatio
proving problematic. Several forms of the material have b
suggested for carbon nitride with super-hard forms be
b-C3N4 ~Refs. 1–3! ~hexagonal structure and space gro
P3), cubic or defect zinc-blende C3N4

2 (P4̄3m), and an-
other cubic form4 (I43d) suggested to be the hardest as m
sured by the calculated bulk modulus. In each of these st
tures, carbon atoms are in fourfold coordination
nitrogens, the nitrogens in threefold coordination by carbo
All structures are predicted to be stable.

From the experimental point of view the material h
been observed to exist in apparent amorphous or disord
phases5–7 although there are several reports of crystall
phases8,9 being dispersed in the amorphous matrix. La
ablation10,11appears to be a promising technique for the s
thesis of crystalline carbon nitride and to date various C
bonded structures have been observed.12,13 Vapor deposition
has recently proven to be promising14,15 as has ion-beam
deposition.16,17 Possibly the technological difficulties to pro
duce carbon nitride relate to large amounts of nitrogen
quired to interact with carbon to give the desired structure
this is displayed by various nitrogen-bonded structures
have been observed13 following laser ablation techniques.

Graphite is an important starting point for the synthesis
diamond. It exists in several forms and as such through
plied pressure leads to other structures such as hexag
diamond and then finally diamond. It is likely that carbo
nitride will also need intermediate structures for a succes
synthesis route to the superhard form. Graphite structures
carbon nitride have been considered theoretically as pos
forms of the material.18,19,4These all consist of C3N4 layers
in a hexagonal planar lattice in which a C atom is missing
This form is not as hard as diamond but the location of
missing C atom in the C3N4 layer suggests there could b
several ways of stacking in much the same way as, for
ample, graphitic boron nitride.20 A rhombohedral2 form of
the material in graphitic form is predicted to be stable a
material density lower than theb phase and more recentl
other graphitic forms with still lower density have been su
PRB 590163-1829/99/59~18!/11683~4!/$15.00
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gested as being possible precursors to the formation of
super-hard phase.4,18 High-energy amorphous structures ha
also been investigated21,22and these have shown competitio
between the C-C, C-N, and N-N bonds in forming such
structure. Possible crystalline structures with stoichiomet
different from C3N4 ~Refs. 23,19! have also been examined

The purpose of the present work is to apply the loc
density approximation~LDA ! plane-wave pseudopotentia
approach to examine the relative stability of several forms
stacking in the graphitic phases of C3N4 and then compare
with other, especially super-hard, phases. The intention i
attempt some identification of possible synthesis routes
ward the super-hard material involving graphit
structures—if indeed such a route is at all feasible.

II. COMPUTATIONAL DETAILS

Soft Troullier Martin24 pseudopotentials with plane wave
of 64 Ry were used throughout withk-point sampling using
a @444# Monkhorst-Pac k grid25 giving about 16 specialk
points in the case of the graphitic phases. Energy-volu
relations were calculated using a standard plane-w
algorithm26 for each of the various relaxed structures and
results fitted to a standard equation of state27 from which an
estimate of the bulk modulus can be obtained. From
equation of state, derivatives at the common energy of ph
intersection were derived giving predicted transition pr
sures. Apart from the amorphous phase,22 which essentially
was modeled through a high-temperature anneal of a c

FIG. 1. p structures of hexagonal graphite C3N4. ~a! out-of-
phase structure,~b! in-phase structure, and~c! the C2N4-C4N4 pla-
nar structure. C atoms are shown in black.
11 683 ©1999 The American Physical Society
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11 684 PRB 59J. E. LOWTHER
phase as a super cell, the results presented relate to
temperature although comparison of the total-energy res
will suggest the relative ordering of the phases and synth
paths.

A. Graphitic carbon nitride structures

Sheets of C3N4 that constitute the graphitic phases cons
of hexagonal planes of bonded C-N atoms with a missin
atom on one of the sites. There are various possibilities
the ordering of the graphitic planes depending on the rela
location of the missing C atom from one plane to anoth
First is the case where empty C sites are aligned relativ
each other along the hexagonalc axis. This structure empha
sizes C-C and N-N bonding between the adjacent layer
that all bonds along thec axis are saturated though there is
rather large region~missing C atoms! where bonding is
weak. Such a structure was the first type of graphitic str
ture considered for C3N4 and namedp-C3N4 by Ortega and
Sankey.18 We shall refer to the structure asp-C3N4 ~in-
phase!. If we consider that the planes may move relative
one another, another structure can arise with mixed C
bonding between the layers. This structure we shall na
p-C3N4 ~out-of-phase!. Probably there are many possibilitie
in between. There is also the possibility that one of
planes may have no missing C atoms with the adjacent p
having two missing C atoms—a C2N4-C4N4 structure. These
three possibilities are considered representing the struct
of p-C3N4 and are each shown in Fig. 1.

The hexagonal unit-cell vectors for all these structure

generated by the unit vectorsa( 1
2 ,6A3/2,0) and (0,0,c),

with atoms located at (6x,6x,z6u), (6x,6x,2z7u)
such that in the unrelaxed structurex5 1

6 ,z5 1
4 and u5 3

16 .

FIG. 2. P6̄m2 structure of hexagonal graphite C3N4.
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This unit cell is then replicated as 23231 to give a lattice
of 16 points. Each of the threep-C3N4 structures then cor-
responds to removal of two C atoms either in two adjac
planes or only one plane indicated in Fig. 1 as discus
earlier. Although not formally necessary for thep-C3N4 ~in-
phase! structure, we always used unit cells that contained
atoms for the computations and, especially,k-space sam-
pling.

The other type of graphitic structure considered recen
by Teter and Helmley4 also contains 14 atoms in the unit ce
but is somewhat different from thep-C3N4 structures as here
two possible C-N bond lengths are in the hexagonal pla
This structure is shown in Fig. 2 and emphasizes C-N bo
ing between layers. The hexagonal unit-cell vectors

a(A3/2,12 ,0), a(0,1,0), and (0,0,c), with atoms located at
the following unrelaxed positions in the unit cell:
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Starting from the above coordinates the cell structure w
optimized for each of the cell dimensions allowing atoms
relax within the unit cell. Each structure was then subjec

FIG. 3. Energy volume for various phases of C3N4.
TABLE I. Structure, bulk modulus, and relative energies of some phases of C3N4 using the Birch
equation of state. LW5Ref. 2, TH5Ref. 3.

Shortest C-N Interplanar B Energy~eV/atom!

Phase distances~Å! distance~Å! ~GPa! ~64 Ry cutoff!

Beta 1.45 432~437LW! 448~TH! 2220.903
Cubic ~defect zinc-blende! 1.48 428~425LW! ~451TH! 2220.703
Amorphousa 128 2220.339

P6̄m2 graphite 1.3221.45 3.29 253 2220.905

p graphite~out-of-phase! 1.37 3.37 205 2220.874
p graphite~in-phase! 1.37 3.72 198 2220.865

aFrom Ref. 23.
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a uniform volume compression and the total energy ca
lated. The energy-volume curve shown in Fig. 3 was th
fitted to a Birch equation of state27 from which the bulk
modulus can be estimated. These results are given in Tab

B. Relative stability

Of the four situations considered we found that stack
involving C4N4-C2N4 sheets was unlikely; when th
molecular-dynamics cycle first initiated movement in t
system an unstable diverging situation relating to rapid in
layer charge fluctuations developed suggesting this pha
unstable. On the contrary each of thep-graphite phases wer
found quite stable and with relative energies lying very clo
to each other. One point always evident during the calcu
tions was that forces between adjacent planes were
small suggesting that graphitic carbon nitride may be
tremely soft along thec axis. However, even with sma
forces there still may be some finite stress.28 This softness
therefore is quantified through an investigation of the ene
dependence of the structures on inter-layer spacing, and
is shown in Fig. 4. The most stable structure has a spa

FIG. 4. Energy variation for ac-axis compression of variou
phases of hexagonal graphite C3N4.

FIG. 5. Charge-density contours in the hexagonal plane

P6̄m2 C3N4. Bold lines show C-N bond lengths of 1.32 Å, dash
lines show C-N bond lengths of 1.45 Å.
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between adjacent layers of 3.29 Å that is comparable t
similar interlayer spacing in carbon graphite@c53.34 Å
~Ref. 20!#. Other structures have larger layer separations

The calculation also gives some indication of the bindi
energy for cohesion of the planes in the various graph
phases. As seen from Fig. 4, energies of thep-C3N4 phases
converge at a layer separation of just over 5 Å. Taking
energy at this distance to represent no interaction betw
the hexagonal planes leads to values of the interplanar b
ing energies and these values are given in Table II. Ther
a very weak interaction between the layers and this w
interaction probably leads to dispersed layers of graph
sheets in the material. Such a random distribution of grap
layers has recently been observed using high-resolution s
troscopy of carbon nitride thin films.29

As the stability of the graphitic phases relates more to
intralayer structure than the interlayer spacing we investig
the layer charge density for the phases. In Fig. 5 we show
charge density of theP6̄m2 phase; rather surprisingly mos
of the charge on N is directed away from the C-N bo
toward the vacant site. Likewise in Fig. 6 we show a simi
charge density plot for the out-of-phasep-C3N4 phase, a
similar situation regarding N bonding toward the missi
C-atom site is also evident. Although there is slight diffe
ence in bonding about the N site that is threefold coordina
by C atoms in the case of theP6̄m2 where the C-N bond
length is about 1.45 Å, the planar charge distribution sho

TABLE II. Binding energies for interplanar formation of gra
phitic carbon nitride.

P6̄m2
graphite

p graphite
~out-of-phase!

p graphite
~in-phase!

binding energy~eV/atom! 0.041 0.022 0.008

f

FIG. 6. Charge-density contours in the hexagonal plane of o
of-phase C3N4. Bold lines show C-N bond lengths of 1.37 Å.
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11 686 PRB 59J. E. LOWTHER
a strong similarity to that of thep type structures where th
bond length is somewhat less at 1.37 Å.

Only modest pressure is needed to overcome the en
barrier separating the graphitic phases and induce a trans
between them. Estimating this pressure from the slope a
common energy/volume intersection gives a hydrostatic tr
sition pressure necessary to transfer between the var
graphite phases to be less than 5 GPa—a uniaxial comp
sion is far less than this. Hydrostatic pressures that lea
the formation of the super-hardb phase calculated in th
same way for graphite phases, however, are much hig
For example, again from the slope at the common ene
intersection we calculate that a pressure of about 80 GP
needed to go from theP6̄m2 phase to the super-hardb
phase and a little less at about 55 GPa to go from the
of-phasep-C3N4 phase and only slightly more for other gr
phitic phases. Such transition pressures are well above
value of 12 GPa suggested recently by Teter and Helmley4 to
go from P6̄m2 graphite to the super-hardb phase, although
the way in which this was estimated is not clear. Very like
.
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this value was based upon a common energy/pressure a
ment that neglect the importance of intermediate change
volume of the structures.

III. CONCLUSION

The present study of the graphite structure of C3N4 re-
veals the existence of several stable structures that are
close in energy. Only modest pressure is needed to cha
from one of the graphitic phases to the next either throu
hydrostatic or especially uniaxial compression. The lo
energyP6̄m2 graphite phase appears to change to one of
higher energyp-C3N4 graphite phases following compres
sion well before the super-hardb phase is reached. Howeve
this p-C3N4 graphite phase seems slightly softer than
P6̄m2 phase and as such requires less pressure to surm
the energy barrier that leads to theb phase. If a graphitic
phase of C3N4 can be established it would therefore appe
quite fruitful to use pressure~especially uniaxial! techniques
to change between the graphitic phases and possibly atta
super-hard phase.
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