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Ab initio simulations of amorphous carbon nitrides
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Density-functionalab initio molecular dynamics is used to study the incorporation of nitrogen into carbon
networks. The resulting networks were analyzed using a Wannier-function technique for producing a localized
orbital picture that provided us with a means of identifying bonding types of the nitrogen and carbon atoms
within the disordered structures. Addition of nitrogen was found to cause a decrease in the fraction of
sp3-bonded carbon and this effect is most severe at high density. These changes to carbon bonding are not
confined to carbon atoms in the immediate vicinity of a nitrogen atom. The structure, and elastic and electronic
properties of the networks are examined and compared with existing simulations and experimental observa-
tions. We found that removing electrons from the networks caused structural changes that could explain the
two-state conductivity in amorphous carbon nitride memory devices.
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I. INTRODUCTION

Amorphous carbon (a-C) films have a variety of struc
tural forms with a range of properties, for a review s
McKenzie.1 Interest ina-C has been stimulated by its man
applications, and there has been considerable research
ploring both its structure and properties using experime
and theoretical approaches. The addition of nitrogen toa-C
to form an amorphous carbon-nitrogen alloy (a-C:N) is also
of interest since certain useful properties result. In particu
nitrogen incorporation into carbon networks has been fo
to modify their electrical conductivity,2 tribological
characteristics,3 and chemical reactivity.4

At concentrations of less than 1%, nitrogen increases
conductivity2 and modifies the Fermi energy in a mann
analogous to the conventionaln-type doping of silicon.5 At
higher concentrations~'5%!, the nitrogen induces a new
Poole-Frenkel conductance mode in addition to the hopp
mode also present at lower concentrations.6 The resulting
two-state conductivity is of interest as a nonvolatile memo

At higher nitrogen concentrations~5%–50%!, the charac-
ter of the material is observed to change, as the mate
develops a more layered structure, withsp2-bonded carbon
the predominant form of carbon bonding. Another facet
the carbon-nitrogen system at high nitrogen concentra
arises from the predictions of Liu and Cohen7 that a crystal-
line form of C3N4, with structure analogous tob-Si3N4,
would have an extremely high bulk modulus.

Electron energy-loss near-edge structure~ELNES!
studies2 reveal the local density of unoccupied states at
trogen or carbon atom sites and therefore can be use
determine the bonding configuration of the atom. At low
trogen concentrations, in dense networks of tetrahedral am
phous carbon (ta-C), the nitrogenK-edge ELNES is similar
to the carbonK-edge ELNES, which shows no 1s-p* fea-
ture characteristic ofsp2 bonding. This has been taken a
evidence that nitrogen dopesta-C substitutionally at low
concentrations. However, substitutional doping is not con
tent with our previous studies8 in which a single nitrogen
0163-1829/2001/65~2!/024208~9!/$20.00 65 0242
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atom is substituted for a carbon atom in ata-C network and
then relaxed. When nitrogen was substituted for
sp2-bonded carbon atom, the site remained as threefold
ordinated, and a lone-pair orbital was developed. When
trogen was substituted for asp3-carbon atom, a bond wa
broken and the coordination of the site was reduced to th
The fourth bond was lengthened to accommodate the lo
pair orbital on the nitrogen atom. This latter effect shows t
substitutional doping is not occurring in the convention
sense, where the bonding environment of the dopant ato
identical to the original host atom.

Amorphous carbon-nitrogen alloys can be synthesized
ing a number of energetic condensation methods, in wh
energetic carbon and nitrogen ions are combined to form
thin film. The experimental synthesis of a crystalline mater
with the formula C3N4 has proved most elusive, with mos
attempts resulting in ana-C:N alloy with a range of nitrogen
concentrations.9

In this paper we reexamine the issue of nitrogen incor
ration ina-C usingab initio molecular-dynamics methods t
simulate the growth of the network by the ‘‘liquid-quench
method. In recent work, Marks, McCulloch, and McKenzie10

have shown that an amorphous structure prepared i
molecular-dynamics simulation by the liquid-quench meth
is essentially the same as one grown by atom-by-atom c
densation. We believe the liquid-quench technique give
more faithful representation of the experimental synthesis
a-C:N films than does the relaxation method of our previo
work, because it allows a more complete exploration of
local environment surrounding the N atom.

In the analysis of our simulated networks we have us
the Wannier-function technique for producing a localized
bital picture within a periodic supercell. This technique h
been used by Silvestrelliet al.11 in amorphous silicon. The
number of Wannier-function centers between atoms identi
the bond type~double, single, or triple!. In addition, Wannier
functions enable us to identify lone pairs of electrons a
types of carbon and nitrogen defects within our networks
©2001 The American Physical Society08-1
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II. SIMULATION DETAILS

We employ the density-functional approach of Car a
Parrinello, which uses a plane-wave expansion of the e
tronic wave functions. For this work theCPMD ~Car-
Parrinello molecular-dynamics! program developed an
maintained by the Max Planck Institut fu¨r Festkorperfors-
chung, Stuttgart, Germany, was used.12 This program has
been used previously to model carbon networks at vari
densities13–15 and AlBN networks.16 CPMD has also been
used previously to study nitrogen defects in diamondl
amorphous carbon by Stumm, Drabold, and Fedders.17

Periodic boundary conditions and gamma point samp
of the Brillouin zone were used. Troullier Martins18 pseudo-
potentials in the Kleinmann-Bylander form were used to r
resent the carbon and nitrogen ion cores, with
Becke-Lee-Yang-Parr19,20 exchange and correlation func
tional.

The pseudopotential was checked against several arom
carbon-nitrogen molecules~pyrazine, cyanogen, pyrrole, an
imidazole!. At the selected plane-wave cutoff of 50 Ry th
computed bond lengths fell within 2% of reported values
all cases.

In this study the effect of density and nitrogen concent
tion was studied using seven different simulations of 64 at
networks using the ‘‘liquid-quench’’ methodology. Six simu
lations were at densities of 2.45, 2.95, and 3.2 g/cm3 with
two nitrogen concentrations~corresponding to two and eigh
nitrogen atoms in 64, total! as summarized in Table I. A
seventh simulation of 64 atoms was at a density of 2.7 g/3

and contained four nitrogen atoms; the choice of these
rameters was made for comparison with an experimental
bon nitride study of Walterset al.21

The networks shown in Table I were formed using t
local-density approximation~LDA ! to density-functional
theory ~DFT!. In the LDA, all orbitals are assumed to b
doubly occupied, so no unpaired spin defects can be stud
This is a reasonable approximation to employ since it
been found that there is a low number of unpaired spins
amorphous carbon nitride.22 Also previousab initio simula-
tions of amorphous carbon13,14 have shown that the LDA is
sufficient to describe bonding ina-C. Additional calcula-
tions were also performed using the local spin-density~LSD!
approximation to DFT, which does not assume each orbita

TABLE I. Bonding details for carbon and nitrogen atoms in
simulations. Higher nitrogen content promotes the formation
charged carbon defects at higher density.

Simulation~g/cm3!
I

C4
0

II
C3

0
III
C3

1
IV
C3

2
V
C2

0
I

N4
1

II
N3

0
III
N3

1
IV
N2

0
V

N2
1

C62N2-2.45 14 40 3 4 1 1 1
C56N8-2.45 12 40 1 2 1 3 1 4
C62N2-2.95 38 24 2
C56N8-2.95 26 23 2 4 1 1 5 1 1
C62N2-3.20 60 2 2
C56N8-3.20 41 10 2 3 6 1 1

Total 191 139 8 13 3 1 19 3 6 1
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doubly occupied. LSD was used in order to check whet
the LDA was inhibiting certain bonding configurations. Th
LSD approximation was also employed to study the effec
charge removal on the network structures.

In the ‘‘liquid-quench’’ method a randomized cubic lattic
of atoms was allowed to melt, forming a liquid with a tem
perature above 4000 K that was allowed to equilibrate. T
liquid was annealed at this temperature for 0.5 ps. The liq
was then quenched to 300 K following a Newtonian cooli
equation of the formT54000e2(ct), where t is simulation
time, andc is a constant determined by initial and final tem
peratures and quench time. The quenching time of 0.5 p
comparable to the quench time expected for a thermal s
following the impact during deposition from an ion beam
energy 50 eV.23 All structures were annealed at 300 K for a
additional 0.5 ps to enable averaged structure statistics t
collected.

A method of generating maximally localized Wanni
functions from the occupied Bloch states has been develo
and implemented in theCPMD code.12 In the Wannier-
function analysis a unitary transform is applied to express
Bloch states as a sum of orthogonal, localized functio
However, even for the case of a singlek-point calculation
~used in this study!, the unitary transform is not uniquel
defined since each Kohn-Sham orbital can be multiplied
an arbitrary phase factor. Marzari and Vanderbilt24 resolved
this by requiring the total spread of Wannier functions to
minimized in real space. To simplify the analysis, rather th
visualize the spatial structure of maximally localized Wa
nier functions, only the Wannier-function centers~WFC’s!
are calculated. The location of the Wannier-functionx coor-
dinatexn ~and similarly,yn andzn! of thenth WFC is given
by

xn52
L

2p
Im ln^wnue2 i ~2p/L !uwn&, ~1!

where L is the length of the supercell andwn is the nth
maximally localized Wannier function. The full details of th
calculation can be found elsewhere.11,25 The spread in rea
space of a single Wannier function can also be calculated
provides a measure of localization in real space. Defect st
are expected to be less localized than bonding states.

The energies of the unoccupied states~Kohn-Sham orbit-
als! were calculated in order to derive the electronic dens
of states~EDOS! for the simulated structures. The Deby
formula26 for neutron diffraction was used to calculate th
diffracted intensityS(Q),

S~Q!5(
j

(
j

f i f j sin~Q•r !

Q•r
, ~2!

whereQ54p sin(u)/l, r is the distance between atoms,f i
and f i are the neutron-scattering lengths, and the sum is o
all atoms. For WFC analysis the standard pair-correlat
function g(r ) was calculated by treating the WFC as a th
atomic species. For comparison to experiment the redu
radial distribution function27 G(r ) was calculated using
neutron-scattering lengths and the weighted combination
pair correlation functions. The distribution of ring sizes f

f
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AB INITIO SIMULATIONS OF AMORPHOUS CARBON . . . PHYSICAL REVIEW B65 024208
each network was calculated using the shortest path cri
described by Franzblau.28

III. RESULTS AND DISCUSSION

A. Structural analysis using Wannier-function centers
„WFC’s…

Carbon and nitrogen atoms in our amorphous netwo
form single, double, or triple bonds with typical bondin
arrangements shown in Figs. 1 and 2. Also shown is
location of WFC’s using small black spheres. For a single~or
s! bond, one WFC is formed between two ions. Between t
carbon ions, the WFC is found at the midpoint of the tw
ions with a spread in real space of'1.4 Å. This arrangemen
can be seen in Fig. 1~a! for ansp3-bonded C atom with four
s bonds. In a carbon-nitrogen bond, however, the WFC
closer to the nitrogen ion, an indication of the ionicity of th
bond, see Fig. 2~a!. A double bond~or s1p! forms two
WFC’s, at 0.7 Å from each other midway between the t
ions with a spread of 1.5–1.7 Å. An example of this is F
2~b!. A triple bond (s12p) forms three WFC’s in a triangle
between two ions, like in Fig. 2~d!, where there is a triple
bond-between ansp-bonded C and ansp-bonded N. The dis-
tance between each of the three WFC’s is 0.5 Å, so
WFC’s lie closer together in a triple bond than in a doub
bond.

Another common location of WFC’s corresponds to ele
tron lone pairs forming on nitrogen ions with a spread in r
space of'1.8 Å, see Fig. 2~a!. Where a lone pair has
formed, a single WFC is found close~0.3–0.4 Å! to a nitro-
gen ion. All of the valence electrons in the networks fo
one of these three bond types~single, double, or triple! or
lone pairs. Using these definitions of bonds/lone pairs wit
the simulated networks, the structures could be analyze
detail. The number of WFC’s around an ion enabled us
determine if the atom wassp, sp2, or sp3 hybridized without
the need to assume bond cutoff distances or coordina
shells. In addition, we could identify the presence of defe
or doping sites within our networks, which contained WFC
with a spread of.2 Å.

In addition to unchargedsp3 (C4
0), sp2 (C3

0), andsp (C2
0)

carbon sites, C3
1 and C3

2 defect sites were observed, see F
1~e!. In the case of nitrogen, N3

0 and N2
0 neutral sites as wel

as N4
1 , N3

1 , and N2
1 doping sites were observed in the ne

works. Table I shows the number of each of these bond
classifications for each of the networks studied. The m
common nitrogen site was the uncharged N3

0 site, where a
nitrogen formed three singles bonds to carbon atoms and
lone pair of electrons@see Fig. 2~a!, for example#; the second
most common nitrogen site was the uncharged N2

0site with an
example shown in Fig. 2~c!.

There were three ways nitrogen atoms formed char
defects. The first is shown in Fig. 2~b!, which is ansp3

hybridized nitrogen ion with four bonds. Because this nit
gen has only four valence electrons, it is ansp3 hybridized
N4

1 defect site. The second way a nitrogen can bond
form a defect is when threes and onep bond form, making
it an N3

1 site @see Fig. 2~e!#. As discussed earlier, the thir
02420
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way a nitrogen can form a defect is anspnitrogen forming a
triple bond with a carbon@see Fig. 2~d!#—this is termed an
N2

1 defect. We found no circumstances where the nitrog
atoms formed a negatively charged defect.

FIG. 1. Typical arrangements of WFC’s~shown as small black
spheres! around carbon ions forming single, double, and trip
bonds. Some locations of the WFC also correspond to charged
fects. Carbon atoms are shown as light gray, nitrogen atoms as
gray.
8-3
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B. Analysis of WFC-nitrogen-carbon partial g„r … ’s

The ionic structure of the carbon-nitrogen networks w
analyzed by visualizing the WFC’s as a third species

FIG. 2. Typical arrangements of WFC’s~shown as small black
spheres! around nitrogen ions forming single, double, and trip
bonds. Some locations of the WFC also correspond to charged
fects. Carbon atoms are shown as light gray, nitrogen atoms as
gray.
02420
s
f

atom. We monitored the evolution of the WFC’s during
300-K anneal, and then calculated theg(r ) correlation func-
tions for the network. We found that in the C-N-WFC syste
the totalg(r ) is too complicated, and we therefore show on
partial g(r ) functions gC-WFC(r ), gN-WFC(r ), and
gWFC-WFC(r ) from r 50 to 1.5 Å. These can be seen in Fi
3, where the dashed line is the C-WFCg(r ), the shaded area
is the N-WFCg(r ), and the dotted line is the WFC-WFC
g(r ) functions, respectively.

From theg(r ) analysis we calculated the carbon-sp2 frac-
tion for our networks and compared these to the results
using a coordination shell (r 51•85 Å) as shown in Table II.
Table II reveals that while thesp2 fraction using the WFC
analysis is fairly consistent with the coordination sphere
proach, the largest discrepancy occurred for
C62N2-3.2 g/cm3 network, where thesp2 content using a co-
ordination sphere was noticeably higher~16%! for the coor-
dination sphere compared to using the WFC~3%!. Inspection
of the WFC’s showed that several carbon ions, which w
thought to besp2, were actually bondedsp3 with an elon-
gateds bond with a bond length greater than 1.85 Å. Oth
deviations from the coordination were due to either charg
defects or an under-coordination of sites.

In the low-density networks C62N2-2.45 and
C56N8-2.45 g/cm3, the carbon forms mostly C3

0 sites with
both networks containing a majority~nearly 80%! of three
coordinate carbon atoms. The medium-density netwo
C62N2-2.92 and C56N8-2.95 g/cm3 contain mostly C4

0 sites,
with the ‘‘increase’’ in nitrogen~from two to eight! leading

e-
ark

FIG. 3. The partial correlation functions C-WFC~dashed!,
N-WFC ~shaded!, and WFC. WFC~dotted! for the six simulations.
From left to right is two~a!, ~c!, and~e! and eight~b!, ~d!, and~f!
nitrogen, and from top to bottom is 3.2~a! and~b!, 2.95~c! and~d!,
and 2.45 g/cm3 ~e! and ~f!. The distribution of distances indicate
that there are a number of defect states.
8-4
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TABLE II. Details for the seven amorphous carbon nitride simulations. The percentile value i
coordination of carbon and nitrogen atoms in the simulated networks using a coordination sphere ap
(r 51.85 Å) and the value in brackets is calculated by analyzing the number of WFC’s surrounding
atom.

Simulation~g/cm3! K ~GPa!

Carbon coordination Nitrogen coordination

2 3 4 2 3 4

C62N2-2.45 274 1~1! 76 ~79! 23 ~20! 50 ~50! 50 ~50!

C56N8-2.45 273 1~1! 79 ~79! 20 ~20! 50 ~50! 50 ~50!

C62N2-2.95 306 0~0! 39 ~44! 61 ~56! 50 ~0! 50 ~100!
C56N8-2.95 295 0~2! 52 ~48! 48 ~50! 13 ~13! 87 ~74! 0 ~13!

C62N2-3.20 345 0~0! 3 ~16! 97 ~84! 100 ~100!
C56N8-3.20 336 1.6~1! 23 ~20! 76 ~79! 50 ~13! 50 ~87!

C60N4-2.70 285 2 58 40 25 75
n

s
on
ld

a
-

r N

u
o

-
r

ny
a-

o
s
ti
m
m

th
e

e
e
he

in-

t an
ease

ing
Å.
lay
een
of

g
u-
in-
s. A
the

rs,
ee-
of

ms.

5

to a reduction in the number of C4
0 sites and an increase i

C3
1 and C3

2 defect sites. In the eight nitrogen network N3
1

and N4
1 defect sites are also present. The carbon atom

these networks have a mix of three and four coordinati
with the addition of nitrogen reducing the number of fourfo
coordinated atoms.

The medium-density networks ~C62N2-2.95 and
C56N8-2.95 g/cm3! can be compared to the density-function
tight-binding simulations of Ko¨hler, Jungnickel, and Frauen
heim and Weich, Widany, and Frauenheim31 who found simi-
lar average carbon and nitrogen coordination at simila
concentrations.

The WFC analysis shows most nitrogen atoms form
lone pair of electrons. Frauenheimet al.30,31 also found that
nitrogen atoms tend to form lone pairs. However in o
simulations we have found significantly fewer numbers
N3

1 sites ~sp2 hybridized!. Another feature of our simula
tions was that fourfold coordinated nitrogen sites were ra
with only one case of aN4

1 in the 2.95 g/cm3 eight nitrogen
structure. This is in general agreement with Weich, Wida
and Frauenheim31 who found an average nitrogen coordin
tion of 2.85 at 3.00 g/cm3 indicating few if anyN4

1 at a
similar density. A small number ofN4

1 sites is supported by
the experimental results of Robertson and Davis32 who con-
cluded that the low doping efficiency of N inta-C was at-
tributable to nitrogen forming nondopingN3

0 sites.
The high-density networks C62N2-3.2 and

C56N8-3.2 g/cm3 show the largest differences in bonding tw
and eight nitrogen simulations. The carbon atoms are mo
four coordinated with the addition of more nitrogen drama
cally decreasing the number of four coordinate carbon ato
and promoting the number of three coordinate carbon ato

The highest-density~3.2 g/cm3! networks are dominated
by sp3-carbon atoms, as shown in Tables II and III, wi
97% in the two nitrogen and 76% in the eight nitrogen cas
respectively. As seen experimentally9 and computationally,30

the increase in nitrogen has increased the carbon-sp2 frac-
tion.

Our results disagree with the theoretical study of Lu, H
and Ren33 who studied carbon nitrides by minimizing th
cohesive energy of 1000 atoms from random positions. T
02420
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found an increase in nitrogen was accompanied by an
crease in the carbon-sp3/-sp2 fraction, whereas we have
found an opposite effect. Lu, He, and Ren also found tha
increase in nitrogen content was accompanied by a decr
in volume, whereas most experimental studies2 have seen the
opposite effect.

C. Ring statistics

The ring statistics of the networks were determined us
a coordination sphere approach with a bond cutoff of 1.85
This approach was aided by checking whether the WFC
between atoms in each ring, or even if some rings had b
missed. The low-density structures show the majority
rings are five and seven membered.

Each of the networks reveal a different distribution of rin
structures, as shown in Tables III and IV. Present in all sim
lations, are three- and four-membered rings, and in four
stances these four-membered rings contain nitrogen atom
general trend is that the addition of nitrogen decreases
number of rings formed due to the formation of lone pai
which is most noticeable at the highest density where thr
fold coordinated nitrogen atoms prevent the formation
many-ring structures compared to four coordinated C ato

The C56N8-2.45 g/cm3 network shown in Fig. 4 displays
clear layering of the structure as suggested by Sjo¨ström

TABLE III. All ring statistics. Bond-length cutoff used was 1.8
Å; the maximum ring size for the calculation was 12 atoms.

Simulation~g/cm3!

Number of atoms in ring

3 4 5 6 7 8 9 10 11 12

C62N2-2.45 1 1 10 3 8 3 5 2
C56N8-2.45 2 13 4 3 3 2 2
C62N2-2.95 4 2 12 23 9 6 1 2
C56N8-2.95 2 5 8 14 10 11 3 2
C62N2-3.20 2 2 21 29 26 8 1
C56N8-3.20 2 6 14 14 26 7 1

C60N4-2.70 3 3 8 12 7 4 3 1
8-5
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et al.29 for a ‘‘fullerenelike’’ amorphous carbon nitride. In
Table IV it is shown that in this network seven of the eig
five-membered rings contain nitrogen, suggesting this is
energetically favorable configuration. This agrees with
Hartree-Fock-based calculations of Sjo¨ström et al.,29 which
showed that curvedsp2-carbon sheets with five-membere
rings containing nitrogen were energetically favorable.

D. Comparison to neutron-diffraction data

To our best knowledge, there was no diffraction da
available for the stoichiometries of the six simulated n
works, so to compare our simulations with experiment
seventh simulation was performed with 60 carbon and 4
trogen atoms with a density of 2.7 g/cm3. The structure con-
tained a majority~58%! of carbon atoms that were threefo
coordinated. The radial distribution functionG(r ) shown in
Fig. 5~a! is compared to the experimental data from Walt
et al.21 for a 2.7 g/cm3 5% nitrogena-C:N; the agreement is
good for bothG(r ) andS(Q) over the range at which com
parison is valid. The region onS(Q) at low Q ~,2 Å21!
contains a contribution from the size and shape of the
and should be ignored.

E. Bulk modulus

The calculated bulk modulus~K! was calculated by vary
ing the lattice parameter by up to 1% and fitting elastic c
stants assuming a cubic system. The result for each netw
is shown in Table II. As expected, there is an increase inK
with density. These calculations show that the addition
nitrogen on the order of 3%–11% does not significantly
fect the bulk modulus of the amorphous structures. Our hi
est values are only 10% lower than those calculated by
He, and Ren,33 which is surprising considering the mass de
sity used in their study was 6 g/cm3, considerably higher than
any of the networks simulated here.

F. Electronic density of states

The electronic density of states~EDOS! determined from
the Kohn-Sham energy calculations are shown in Fig. 6.

TABLE IV. N atom containing rings. The figure in bracke
indicates the number of rings containing two nitrogen atoms in
ring. If the numbers areX(Y), there areX1Y rings containing
nitrogen. There were no rings with more than two nitrogen atom
a ring.

Simulation~g/cm3!

Number of atoms in ring

3 4 5 6 7 8 9 10 11 12

C62N2-2.45 1 1 1
C56N8-2.45 1 4 3 2~1! 2 1 ~2!

C62N2-2.95 1 3 2 2
C56N8-2.95 1 7 6 3 9~1! 3
C62N2-3.20 2 5 4 3
C56N8-3.20 1 3 9 15 ~1! 3 ~1! ~1!

C60N4-2.70 1 3 1 1
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the sake of this comparison the Fermi energy is considere
be at the highest occupied state~solid lines!. The unoccupied
states are plotted with dashed lines. In general the hig
densities have the fewest states in the ‘‘gap’’ while at low
densities there is no ‘‘gap’’ between the highest occup
molecular orbital and the lowest unoccupied molecular
bital ~LUMO!.

The two and eight nitrogen 2.45-g/cm3 EDOS, Figs. 6~e!
and 6~f! have a large number of occupied and unoccup
states close to the Fermi energy, indicating these struct
are potentially good conductors. Of interest is the intensity
the 1s-p* region of the carbonK edge, which will be con-
sidered 0–5 eV above the LUMO. It is this feature that
used to obtain a measure of thep bonding in the material
using electron energy-loss spectroscopy~EELS! or x-ray-
absorption spectroscopy. There is a clear shoulder in

e

n

FIG. 4. Eight nitrogen 2.45-g/cm3 structures revealing fullerene
like layering, as suggested by Sjo¨ström et al. ~Ref. 29!. ~a! is a side
view, while ~b! is perpendicular to the first. Lighter atoms are ca
bon, darker atoms are nitrogen.
8-6
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1s-p* region in both the two and eight nitrogen cases
2.45 g/cm3. A large 1s-p* feature is a consequence ofp
bonding from the large number of threefold coordinated c
bon atoms and the number of twofold coordinated carb
and nitrogen atoms in these structures. Table V compares
integral of the number of states in this region compared
the fraction of two- and threefold coordinated bonding
each of the networks. There is an increase in the numbe
states in this region as the number of nitrogen atoms
creases~4.9 to 5.9!. The enhancement of the 1s-p* feature
as N content increases~from 11% to 17%! has been seen
experimentally by Hu, Yang, and Leiber,9 where it was
coupled to a decrease in density favoring a moresp2-carbon
network.

The intensity in the 1s-p* diminishes as the density o
the networks increase, and the edge of the occupied s
becomes steeper. This effect was also seen by Ko¨hler, Jung-
nickel, and Frauenheim.30 The highest-density~3.2 g/cm3!
structure exhibits the largest ‘‘gap.’’ The low number
states between 0 and 5 eV is consistent with the charact
tic ‘‘diamondlike’’ C and N K edges seen in experiment
EELS spectra at low nitrogen concentrations.2

G. Calculations using the LSD approximation

In order to check whether the LDA was inhibiting certa
bonding configurations and to explore the effect of remov
electrons, calculations were performed on the simula

FIG. 5. The radial distribution functionG(r ) and S(Q) calcu-
lated for a 2.7-g/cm3 C60N4 simulation. In~a! the solid line repre-
sents the simulatedG(r ) smoothed using a bezier function, and t
symbols represent scaled data from sample CN05 from Wa
et al. ~Ref. 21!. In ~b! the dotted line is the experimental data fro
the same sample CN05 from Walterset al. ~Ref. 21!.
02420
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FIG. 6. The Kohn-Sham energies calculated for six simulatio
~a!–~c! represent the 3.20-, 2.95-, and 2.45-g/cm3 C62N2, respec-
tively, while ~d!–~f! are for the 3.20-, 2.95-, and 2.45-g/cm3 C56N8,
respectively. In the figure the solid line represents occupied sta
the dotted line unoccupied states. Each plot is the sum of up to
configurations from the end of the 300-K anneal, each separate
approximately 0.01 ps.

TABLE V. Integrated unoccupied states grouped by number
nitrogen atoms per simulation.

Simulation~g/cm3! Unoccupied states Csp21sp ~%!

C62N2-2.45 4.9 80
C56N8-2.45 5.9 80
C62N2-2.95 3.6 44
C56N8-2.95 3.9 50
C62N2-3.20 3.2 16
C56N8-3.20 3.3 30

rs
8-7
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structures using LSD instead of LDA. A structure from ne
the end of the 300-K anneal for each density was chosen
a geometry optimization was performed using both LDA a
LSD, and the structures were compared. There were no
nificant differences between the LDA and LSD optimiz
structures.

Further analysis of the LSD relaxed structures was th
performed to study the effect of removing one electro
Charge removal corresponds to ionization and any sub
quent structural relaxation would have important con
quences in the study ofta-C:N as an electronic material. In
order to check the reversibility of any structural relaxatio
the electron was replaced and the charge neutral struc
was reoptimized. The effect of an electron removal was t
determined by comparing the electronic charge densities
bond lengths of each structure at each of the steps.

The 2.45-g/cm3 structures were not measurably affect
by the removal of one electron. However in the 2.95-g/c3

FIG. 7. Charging experiment for C62N2 2.95 g/cm3 showing~a!
before an electron is removed from the structure and~b! a bond
forming after. The distances shown are in Angstroms.
.
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two nitrogen network upon removal of an electron we o
served a new bond between a threefold coordinated car
atom and twofold coordinated nitrogen atom. This bond fo
mation after charging is shown in Fig. 7. The formation of
bond is interesting because it showed that charging the s
tem could result in structural change, and it also shows t
this structural change may be localized on the nitrogen ato
for an N-dopedta-C system.

In the eight nitrogen 3.20 g/cm3, one nitrogen atom
switched bonds from one fourfold carbon to another thre
fold carbon as a result of charging. These observations s
port the concept that the nitrogen atoms are a source of lo
structural instability in agreement with experimental obse
vations that high-densityta-C:N is less stable in an electron
beam than is undopedta-C.2 In addition, restoring the elec-
tron was found to only return the structure to its origin
condition provided that no new bonds had formed in t
vicinity. This may explain the two-state conductivity that
observed ina-C:N.6 The local structural changes caused b
the removal of an electron prevent the easy recapture of
electron to the nitrogen atom, giving rise to the observ
hysteresis or ‘‘memory.’’

IV. CONCLUSION

We have usedab initio molecular dynamics to study the
structure and bonding of amorphous carbon nitride at a ra
of densities and nitrogen concentrations. By calculating
centers of maximally localized Wannier functions we a
able to distinguish the different bonding types present in o
networks. The main findings of this work are

1. The most common form of nitrogen bonding was foun
to be unchargedN3

0 sites with a lone pair of electrons. Un
chargedN2

0 sites as well as chargedN4
1 , N3

1 , andN2
1 were

also found.
2. The addition of nitrogen causes a decrease in thesp3

fraction of carbon, and this effect is most severe at hi
densities. In addition tosp3-and sp2-bonded carbon,
sp(C2

0), C3
1 , andC3

2 defect sites were also observed.
3. Electronic density-of-states calculations show an

crease in the 1s-p* region at lower network densities an
higher nitrogen concentrations as seen experimentally.

4. The removal of electrons from the networks caus
structural changes, which could explain the two-state co
ductivity in ta-C:N memory devices.
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