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Amorphous carbon networks are used to test various levels of theoretical approaches to molecular dynamics
simulations. The density-functional theory as implemented in the Car-Parrinello method, nonorthogonal tight-
binding method, the environment-dependent interaction poteg@IP), and the Brenner potential are com-
pared directly in liquid quench simulations containing 125 atoms at four densities. We find that at low densities
the predictions of the Brenner potential are in agreement with those from density-functional theory, while
structures produced by nonorthogonal tight-binding method compare well with density-functional theory at all
densities. The tight-binding method does, however, find a slightly Iepéifraction at high densities and the
presence of singly coordinated atoms at low densities. The frequency of three-membered rings are underpre-
dicted by the tight-binding and EDIP methods due to an overestimate of strain energy relative to density-
functional theory and experiment. Aside from the small rings, and a slight underestinsgiéfimction at the
highest densities, the EDIP simulations are in very good agreement with density-functional theory. The EDIP
method is also used to quantify the statistical variability of liquid quenching, and comparisons with film growth
simulations verify that liquid quenching is a good representation of bulk amorphous carbon.
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[. INTRODUCTION is possible the various simulations use identical preparation
conditions concerning the number of atoms, density, cooling

The diversity of the bonding configurations of the carbonrate, and coordination cutoff. When comparing structures we
atom makes it an ideal system for testing the transferabilitycalculate bonding and coordination information, radial distri-
of interaction potentials used in molecular dynamics. Interesbution functions, and ring statistics. Aside from these three-
in amorphous carbon atoms is being stimulated by applicadimensional network calculations we also compute strain en-
tions in wear resistance, corrosion resistance and electroniogtgies of a number of ringed hydrocarbon molecules, as
A wide variety of densitiessp? fractions, and mesoscopic previous work has showf'’ that the energetics of three-
structures allow carbon films to be engineered for eacland four-membered rings are dependent on the level of
application'? theory and the quality of the basis set.

There has been considerable effort in modeling the struc- A further aim of this work is to justify the liquid-quench
ture of amorphous carbon films by molecular dynamics usindgechnique as a means of simulating bulk structure in films
a rapid liquid quench to simulate the actual formation pro-grown by vapor condensation. Liquid quenching reproduces
cess from the vapor state. Many different levels of thédfy the correct time scales of a thermal spike for ion deposition
have been used to describe the interatomic interactions, rangf carbort® but differs in detail from the actual processes that
ing from density-functional theory, through the various tight- occur after energetic impact. An efficient code such as EDIP
binding approaches, to empirical potential methods. Quesenables statistical information to be extracted, a knowledge
tions such as stress relief by annealinand the growth of of which is necessary in comparisons between methods.
films require long simulation times and/or large system sizes
that are not feasible using the more computationally inten-
sive approaches. There is therefore an important role for the
more efficient techniques, provided they retain sufficient ac- The DFT method employed in this work is the
curacy to reproduce the correct structure and properties dEar-Parrinelld*'® implementation of molecular dynamics,
interest. One of the key aims of this work is to establishwhich employs a classical description of the motion of the
which features of the more accurate calculations are retaineatom cores with a quantum mechanical description of the
when lower levels of theory are used. four valence electrons of each atom as they move in the

To investigate these issues we perform liquid-quenctpotential field set up by the cores as represented by pseudo-
simulations of networks using levels of theory that span theotentials. The wave functions for each electron are de-
variety of techniques available. In order of decreasing accuscribed in terms of a plane wave basis set with a cutoff of 40
racy the methods compared are density-functional theorry and the exchange-correlation functional is of the Becke-
(DFT),*® the nonorthogonal tight-binding (NOTB)  Lee-Yang-Par(BLYP) type?° Martins-Trouiller pseudopo-
approach? and the empirical environment-dependent inter-tentials in the Kleinmann-Bylander fofthwere used to rep-
action potential EDIP),'® and Brenner potential§. As far as  resent the carbon ion cores, and were checked for accuracy

Theoretical methods
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against the molecules ethylene, ethane, and ethene, which ' '
cover the three main hybridizations of carbon. At a plane
wave cutoff of 40 Ry the computed bond lengths fell within
2% of the experimental values.

Tight-binding schemes express the Hamiltonian eigen-
states in an atomic-like basis set and parametrize the overlap
matrix and the many-body Hamiltonian matf&The two- ,
center NOTB scheme of Porezatal1* used here employs - - '
density-functional calculations to tabulate the required pa- 30 125 atoms

64 atoms

™, t=0.5 ps

‘\

Frequency

rameters, and an exactspace diagonalization calculation of g ., to=05ps
the tight-binding energy. g 20t A .
The Brenner empirical potentfdl was designed to ac- g
count for changes in atomic hybridization during bond Rl 7
breaking and formation in hydrocarbons. Based on the bond .
order approach of Tersoff this potential was developed in 0 . : :
order to describe the different possible bonding states in car- a0 | . 125 atoms |
bon more correctly than that predicted by the z £ 15=2.5 ps
Stillinger-Webef* or Tersoff potentials. The Brenner poten- § ol i
tial has recently been extended to Si-C-H syst@raad has g
been used to model chemically vapor deposi&¥D) dia- “ 10t .
mond films® and indentation at diamond surfacés.
The EDIP is a new addition to carbon simulation meth- 040 5'5 60

ods. First proposed for silica, it was recently generalized

for carbort® and has been found to provide high transferabil-

ity for comparatively low computational cost. The usefulness FIG. 1. Distribution ofsp® fractions in liquid-quench simula-

of the EDIP approach was demonstrated in recent simulaions carried out in 64- and 125-atom systems. 100 quenches were

tions of thin film growti#® where tetrahedral amorphous car- performed for each system and the density was 2.9 %j/@uoling

bon was deposited using energetic beams for the first timecurves for the 0.5 ps and 2.5 ps quenches were exponential and
linear, respectively. Dotted lines indicate the normal distribution
with mean and standard deviation of the data sets. The coordination

[l. THE LIQUID QUENCH was determined using a bond cutoff of 1.85 A.

sp3 fraction [%)]

The amorphous carbon structures considered in this study
are prepared experimentally by condensing hyperthermal ato=2.5 ps. These three systems are generally representative
oms onto a substrate held at a temperature below approxdf liquid-quench calculations in the amorphous carbon litera-
mately 400 K. A molten region surrounds the impact site ofture.
incident atoms for a short time after impact. Calculatifns  Figure 1 indicates the statistical variation in thg® frac-
show that such thermal spikes are quenched in a fraction of #on of the equilibrated structures for the three scenarios con-
picosecond, enabling molecular dynamics to provide realistisidered. This statistical uncertainty is much larger than pre-
simulations of the formation process. In a liquid-quenchviously acknowledged, and represents an important factor to
simulation the short-lived thermal spike is modeled by rap-consider when comparing different preparation conditions
idly cooling a molten sample to room temperature. In theand methods. The variability arises from fluctuations in the
case of carbon, generation of the liquid sample is commonljiquid state at the instant the quench is initiated, and the
achieved by way of a simple cubic lattice, an unstable strucmetastable nature of the rapidly quenched structures. Both of
ture that spontaneously melts. After equilibration at 5000 K these factors are an intrinsic part of the experimental depo-
the amorphous network is formed by quenching the liquid tcsition process, and are not artifacts of the simulation tech-
300 K in a timet, along a cooling curve typically either nique. System size is not a key factor determining gipé
exponential or linear. Thermally averaged properties are theffaction, as the 64- and 125-atom simulations cooled in
computed at 300 K. 0.5 ps have very similar distributions. Analysis using the null

Following this procedure a large number of liquid-quenchhypothesis finds that the mean value of both 0.5 ps simula-
calculations were performed using EDIP in simulations ations came from the same distribution, confirming the ab-
2.9 g/cni. The liquid was equilibrated for 0.8 ps, and from sence of a statistically significant difference.
this sample 100 simulations were undertaken for each system The cooling rate, however, does make a difference to the
considered, with each quench using a slightly different conobservedsp® fractions. A paired difference analysis of the
figuration for the equilibrated liquid. This was achieved bytwo 125-atom simulation sets is possible asntiequench in
saving the liquid state point prior to each cooling cycle, andeach set uses the same liquid starting configuration. This
then allowing the liquid to evolve for 0.1 ps prior to the analysis yields a difference of 1.8—-3.2 at the 95% confidence
subsequent quench. Systems with 64 and 125 atoms wereterval, and helps interpret a number of DFT simulations
cooled exponentially witliy=0.5 ps, while a third simula- examining the effect of the cooling rate. In 64-atom simula-
tion set contained 125 atoms and was linearly cooled wittiions at 2.9 g/crfy Markset al* found that thesp® fraction
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TABLE I. Mean and standard deviatid®D) for structural parameters in the EDIP liquid-quench simu-
lations presented in Fig. 1. The coordination is determined by counting neighbors within 1R85akhd 6,,
are the average nearest-neighbor distance and average bond angle, respad®ivaetyl A 6 describe the
standard deviations of the distances and angles, respectively. The number of rings of length six are computed

using the algorithm of Franzbla@Ref. 35.

Quantity 64/0.5 ps 125/0.5 ps 125/2.5 ps
Mean SD Mean SD Mean SD
sp® (%) 49.6 3.7 49.6 3.4 47.5 1.7
Ray (A) 1.550 0.010 1.546 0.008 1.544 0.007
AR (A) 0.093 0.006 0.092 0.005 0.086 0.004
0,y (deg 111.38 0.33 111.41 0.23 111.39 0.20
A6 (deg 10.01 0.60 9.95 0.45 9.30 0.36
No. (six-member ringy 18.0 6.3 39.2 7.6 43.6 8.0

decreased from 68% to 57% as the quenching time ineach density, a thermodynamically stable structure of amor-
creased, while 125-atom simulations at 3.2 gf/dound an  phous carbon exists, independent of the quenching time.

sp® fraction of 80.1 and 80.3 far, values of 0.5 and 1.0 ps, Figure 2 shows the uncertainty in the ring statistics, with
respectively. Further 64-atom simulatiéhsat 2.9 g/cmi ~ the error bars indicating the one standard deviation limits.
with in principle the same preparation conditions as the 65940f the larger nngs n pamqular, the §|gnal IS almost
sp® sample in Ref. 4 found asp® fraction of ~55%. These Swamped by the noise, and while the confidence interval for
disparate results can be understood in the context of the stf1€ mean as determined by the SEM is much smaller, this is
tistical variability evident in Fig. 1. All of the DFT results lie 1Ot especially helpful when comparing single-run simula-
within the statistical range found using EDIP, and while glions as generally encountered in the literature. In these cases

cooling rate effect is present, it not nearly is pronounced aghe uncertainty is of th.e of order of the error bars shown in
presumed in Ref. 4. Fig. 2 and perhaps higher, and hence care must be taken

As might be anticipated from thep® data, other quanti- vyhen drayving conclusions. The Ieyel of noise i.n ring statis-
ties in a liquid quench are also subject to significant statisti{!CS data is |IIus_trated by the graphical comparison betwee_n
cal variation. Nearest-neighbor distances, bond angles, arBFT and EDIP n Ref. _15’_ v_vhere glthoggh the agreement Is
ring statistics are all important quantities when comparingS MOt quantitative for individual ring size, overall there is
amorphous networks, and their variation is indicated in Tabl ?<cellent qualitative agreement for rngs of Iengt'h five a_nd
. The standard error in the me48EM) is defined asr/\n |ghe(. Another factor when comparing methods s that ring
and so withn=100 simulations in each category the SEM is statistics are somewhat computationally expensive to com-

oneenih of e standard deviaton Companson using he LI 900 5 42 oen deiine oy o e enc o sy
SEM indicates that the similarity between the two 0.5 ps : ging

guenches extends to virtually all the quantities considereoﬁjltlonal statistical noise if bond lengths at 300 K are

with only the most minor of differences evident in the near- uctuating around t'he coqrdlnat_lon cutoff. . -
est neighbor distance. We conclude this section with a comparison of liquid-

An important insight from Table I is the reduction in guench data with as-deposited thin films. Although the

amorphicity when the cooling time is increased. In addition
to the much narrower distribution efp® fractions, the slow-
est cooling also gives rise to the smallest valuea éfand
the greatest number of rings. These differences are all sig- *

'S
(o]
T
1

nificant at the 99.7% level due to the high precision in the
SEM. The large number of six-membered rings is particu-
larly important, as this occurs against the general trend seen
in simulations at varying density whereby a sma#lg? frac-

tion means fewer rings due to lower connectivity. Together
with the reduced spread in bond angles, this illustrates the
concept of accessibility in nonequilibrium situations as de-
scribed by McKenzie and Bile¥. The key idea is that the
thermodynamic arrow can only be followed to completion if
sufficient temperature and time are available. In these simu- F|G. 2. Distribution of rings for 100 liquid quenches in the
lations it is clear that more crystallinelike properties are ob-125-atom system witti,=0.5 ps and exponential cooling. Error
tained when the system is given a longer time to move tobars indicate the standard deviation of the distribution. The 95%
wards the global minima. In the limit of very long cooling confidence interval for the mean frequency is approximately the
times(perhaps 1 nst is also reasonable to postulate that, for size of the solid circles.
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FIG. 3. Radial distribution functiog(r) for EDIP simulations density [g/cm"]

of liquid quenching(this work) and thin film depositioRef. 28.
The quench simulation was performed at 3.2 gicmhile the film
was deposited with a 40 eV beam. The as-depogjted refers to
the bulk region of the film, where the density was 3.17 glcm

FIG. 4. Variation insp® fraction with density in EDIP simula-
tions of liquid quenchthis work) and deposition simulation&ef.
28). The labels in eV indicate the beam energy used to deposit each
film. All of the liquid-quench points are an average of at least 25
liquid-quench method is justified by inference and ana|yticsimulations, and the uncertainty in the mean is smaller than the data
calculationst® there has yet to be a simulation proving that POint. The solid line is a linear fit to the quench data.
liquid quenching provides a good description of the bulk
region in amorphous carbon deposited with energetic beam#Jrther highlighted by the first EDIP liquid-quench
Recent EDIP simulations of carbon thin film groftlenable ~ simulations® where the variation o§p® fraction with den-
such a comparison for the first time. The film growth simu-Sity is not a straight line because only a single quench was
lations involved the deposition of 500 atoms onto a reconferformed at each density.
structed(100) diamond substrate at 300 K. For each impact
full dynamics were followed for 0.5 ps, and rethermalization
to 300 K was performed prior to the deposition of the sub-
sequent atom. The films were all amorphous and steady state Having established a statistical basis for comparison of
growth was quickly attained, enabling a straightforwardmethods, we now use 125-atom simulations of carbon at four
identication of the bulk region of the film. A number of films densities using the chosen levels of theory. A liquid was pre-
were deposited, with energies varying between 1 and 100 edared by melting an unstable simple cubic structure and
Figure 3 compares the pair distribution function of tetrahe-equilibrating it at 5000 K for 0.5 ps. Then the final network
dral amorphous carbont4-C) prepared by EDIP liquid was formed by quenching the liquid along an exponential
quench at 3.2 g/crhwith that of bulkta-C deposited with a cooling curve of the formT(t)=5000 . Structures were
40 eV atomic beam. The structures in the two simulationgproduced at all four densities by cooling to 300 K in 0.5 ps.
have very similar distributions of distances despite the dif-The dynamics of the systems were followed at 300 K for at
ferent preparation conditions. Note also that although botheast an additional 500 fs to enable structural properties to be
structures have essentially the same der(8itg g/cn?), the  determined.
density in the quench is an input parameter, whereas it is an Figure 5 compares the reduced density functim) for
output quantity in the deposition. the DFT and EDIP simulations with experimental neutron

The close agreement between liquid quenching and dediffraction data. The DFT simulations are in good agreement
posited amorphous carbon extends togpg fraction, whose ~ with experiment, and are used in the remainder of this work
dependence on density is shown in Fig. 4. Shown in thisas the benchmark against which to evaluate the other simu-
figure are thesp® fractions for the thin film deposition simu- lations. Is also evident that the EDIP simulations reproduce
lations (white circleg, and the same quantity from additional to a high degree of accuracy the features of the DFT simu-
liquid-quench simulations at 2.0, 2.3, 2.6, and 3.2 gicm lations. This agreement extends the already good predictive
(black circles. The additional liquid-quench data representproperties of EDIP with regard to coordination fractions,
an average over 25 simulations. Across a broad densitpond angles, ring statistics, and melting properttes.
range, thesp® fraction of the quenched structures shares the Figure 6 compares the same DFT data with the results of
same linear dependence as the films deposited at varyirtfhe NOTB and Brenner potential simulations. The DFT and
energy. The simulations are consistent with experinténts NOTB calculations are in good agreement over a wide range
that show that the p® fraction is a single-valued function of of densities, while the Brenner potential agrees at low den-
the density as seen in Fig. 4. The simplest analysis of thisity, but at higher densities deviates in its detail and the po-
experimental data yielded a straight line, but the uncertainsition of the first nearest neighbor. The sharp peak at 1.22 A
ties were too great to eliminate the possibility of nonlinearin the DFT and NOTB calculations at 2.0 g/ns consis-
relationship between thep® fraction and the density as sug- tent with the work of Stephaet al.” who found low coordi-
gested by Lossgt al*? However, with the precision afforded nated atoms with a short bond length of 1.23 A, which they
by the multiple liquid-quench simulations the linear relation-described as “triplelike.”
ship is affirmed. The importance of statistical variation is The peaks in the Brenner calculations around 2.0 A are

IIl. COMPARISON OF TECHNIQUES
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FIG. 5. The reduced density functi@®(r) calculated from the r (A)

networks produced using DFT and EDIP at densitie&p®.0, (b)

2.6,(c) 2.9, and(d) 3.2 g/cni. The experimental data are fr:)ﬁm Li FIG. 6. The reduced density functig®(r) calculated from the
and Lannin (2.0 g/c) (Ref. 37 and Gilkeset al. (2.9 g/enf)  penorks produced using DFT, NOTB, and Brenner potential meth-
(Ref. 38. ods at densities ofa) 2.0, (b) 2.6, (c) 2.9, and(d) 3.2 g/cni.

particularly noteworthy as they represent a metastable statbese short bond distances are present in the DFT simulations
intermediate between graphite and diamond. Similar spikethey are not associated with singly coordinated atoms. These
were found by Jger and Albé&% in their simulations of ener-  short distances contribute to an overly short nearest-neighbor
getic carbon deposition using Tersoff and modified Brennedistance in the 2.0 g/cfstructure as manifested in the peak
potentials. In both sets of simulations large spikes in the paioffset in Fig. 6.
distribution function were observed at the interaction cutoff The Brenner potential gives results in close agreement
distance, the same behavior as observed here where thdth DFT at the lowest density, with bond lengths, angles,
Brenner cutoff is 2.05 A. and coordination numbers all comparing well. However,
The structural parameters of nearest-neighbor distancetjere is an increasing departure from the DFT results as the
average bond angle, and coordination percentages are showansity rises. This reflects the methodology of the Brenner
in Table Il. The DFT, NOTB, and EDIP simulations are all potential whereby the functional form was performed with
generally similar in their predictions, with the higher level of surfaces and molecules in mind. Unlike EDIP, there is no
theory in NOTB correlating to slightly close agreement with energy penalty for nonbonded interactions, and hence
DFT, particular at the highest density. The exception to thiggraphitelike structures can have unphysically high densities
trend is NOTB simulation at 2.0 g/ctnwhich contains 5% close to that of diamond. Consequently the Brenner potential
singly coordinated atoms indicating a dangling bond. Severahcks the driving force to convestp? sites intos p?, resulting
of these singly coordinated atoms are associated with thim the low fraction of fourfold coordinate atoms seen in Table
short bond distance of 1.22 A seen in Fig. 6. However, wheril.
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TABLE Il. Structural parameters from liquid-quench simulations wigh 0.5 ps and exponential cool-
ing. Average bond length, average bond angle, and coordination numbers are all determined by counting
neighbors within 1.85 A. EDIP values are averages over at least 25 simulations, while a single calculation
was performed with the other methods.

Density Method r Bond Coordination

(g/cn?) R angle(deg C, C, Cs C,
2.0 DFT 1.48 119.3 0 15 77 8
2.0 NOTB 1.43 122.0 5 29 60 6
2.0 EDIP 1.49 115.4 0 21 63 16
2.0 Brenner 1.49 118.2 0 16 70 14
2.6 DFT 1.53 112.2 0 1 56 43
2.6 NOTB 151 114.2 0 8 60 32
2.6 EDIP 1.54 112.3 0 4 59 37
2.6 Brenner 1.50 116.0 0 2 80 18
2.9 DFT 1.54 111.1 0 1 41 58
2.9 NOTB 1.54 111.6 0 1 49 50
2.9 EDIP 1.55 111.4 0 1 49 50
2.9 Brenner 1.49 115.5 0 2 79 19
3.2 DFT 1.55 109.7 0 0 19 81
3.2 NOTB 1.55 109.7 0 2 23 75
3.2 EDIP 1.53 110.8 0 0 39 61
3.2 Brenner 1.48 115.7 0 4 75 21

A comparison in Fig. 7 of the simulations with experiment cating a statistically significant underestimation of the DFT
reveals a linear variation isp® fraction with density, con- data by NOTB. EDIP also underestimates DFT at high den-
sistent with experiment and the EDIP results of Fig. 4. Thesities. At 2.9 g/cni it is more than 95% likely that the DFT
DFT data show the closest agreement with experiment, witlvalue of 58% does not come from the EDIP distribution in
NOTB underestimating DFT by an average of 7%. In light of Fig. 1, while at 3.2 g/cm where the standard deviation is 2.1
the liquid-quench variability demonstrated by EDIP it is nec-the underestimation is even more significant.
essary to apply statistical procedures to quantify this differ- The discrepancy with respect to DFT is most serious for
ence. A one-side pairetitest finds gp value of 0.019, indi- the Brenner potential, where thep® fraction is seriously

underestimated with increasing density as noted earlier.

2= Tight Binding [Wang & Ho]

1997 0 Expt. [Fallon et al] 100
©  Expt [Schwanet al] ce ==O-> NOTB[Stephan et al.]
801—8— DFT o «=@==DFT 0.5 ps Rt
c T~ NOTB a o'® 801 —A— NOTB 0.5 ps s
£ 6o W EDP —=— NOTB 5.0 ps
S S 601
mo_ '46-
e o
“— 40
(<)
o
%)
0 T T T 4
2.0 25 3.0 3.5 20
Density (g/cm®)
0= T T T
FIG. 7. Thesp® fraction plotted as a function of density calcu- 2.0 2.5 3.0 3.5
lated from the networks produced using the DFT, NOTB, EDIP, and Density (g/cma)

Brenner potential methods in this woffiled symbolg. Open tri-

angles indicate the orthogonal tight-binding calculations of Wang FIG. 8. Thesp® fraction plotted as a function of density calcu-
and Ho(Ref. 10. Open circles are experimental results from argon/lated from the networks produced using NOTB with quench times
carbon magnetron sputtered amorphous carti®ef. 39. Open  of 0.5 and 5.0 ps. Also shown is the results from the DFT simula-
squares are experimental values from ion-beam deposited amaiens with a quench time of 0.5 ps. The open circles are the results
phous carborfRef. 31). from the NOTB calculations of Stephaat al. (Ref. 7).
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TABLE Ill. The distribution of ring sizes in each of the networks produced. The procedure for calculating
ring sizes is based on the method of FranzhRef. 35. The EDIP values are averaged over at least 25
simulations, while a single calculation was performed with the other methods.

Density Method Number of Rings

(g/ent) 3 4 5 6 7 8 9 10 11 12

2.0 DFT 2 3 13 6 1 5 5 4 12 2

2.0 NOTB 0 0 6 11 4 2 1 3 3 5

2.0 EDIP 0 1 14 13 10 5 5 4 4 4

2.0 Brenner 4 1 7 13 10 10 3 4 10 2

2.6 DFT 7 7 21 19 15 18 15 17 6 3

2.6 NOTB 0 2 19 33 14 13 4 15 6 2

2.6 EDIP 0 1 22 30 21 16 12 9 6 1

2.6 Brenner 4 0 5 10 13 23 22 12 22 5

2.9 DFT 2 6 31 42 25 21 21 2 5 0

2.9 NOTB 0 3 32 42 16 11 6 12 7 0

2.9 EDIP 0 0 22 39 31 19 15 9 5 1

2.9 Brenner 1 0 9 14 16 22 12 19 13 4

3.2 DFT 3 11 37 53 49 26 23 3 2 0

3.2 NOTB 3 5 38 58 47 19 8 9 0 0

3.2 EDIP 0 0 21 65 41 25 15 9 3 0

3.2 Brenner 0 0 6 18 11 18 25 18 11 4

Similar behavior has been found with the Tersoff explaining the similar quench time dependence. NOTB, on
potentiat'**with sp® fractions of just 34% at a density of 3 the other hand, will overestimate te@?-sp® barrier because

g/cm®. Also shown in the figure are the orthogonal tight- of the absence of states wiith orbital symmetry in the
binding (OTB) results of Wang and H8 that are coincident Hamiltonian.
with the Tersoff calculations at high densities. It is evident Ring statistics were calculated using the shortest path cri-
that the Tersoff, Brenner, and OTB methods are unsuitabléeria of Franzblat’ and a bonding cutoff of 1.85 A. The
for modeling tetrahedral amorphous carbon as an abundancesults shown in Table Il demonstrate that DFT, NOTB, and
of tetrahedral bonding is not observed at high density. EDIP give similar ring statistics over the complete density

Across the five methods shown in Fig. 7 there is almostange, particularly in light of the statistical variability seen in
complete correlation between computational cost, the leveFig. 2. The only exception concerns rings of length three and
of theory, and the agreement with experiment. The exceptiofour, where NOTB and EDIP both underpredict DFT, par-
to this rule is EDIP, which provides transferability approach-ticularly with regard to the highly strained three-membered
ing NOTB while being more than 20 times faster than the
OTB method, which considerably underpredicts the tetrahe-
dral properties.

Four additional NOTB simulationfne at each density
were performed with much longer quenching times, using A

109 --O-- Expt

—e—DFT

linear cooling over 5.0 ps. This enables much greater con-
figurational flexibility during the quench, and the results
shown in Fig. 8 suggest a systematic dependence pdf
fraction on the quench time opposite to that found in DFT
and EDIP simulations. A one-sided pairetest shows that
the difference between the two quench schemes is significant
with a p-value of 0.033. With this much longer quench time
the NOTB results approach the DFT data obtained at short
quench times. Thep® fractions in the 5.0 ps quench also
agree well with the NOTB calculations of Stephanal.,’

who also used a relatively long quench time. The dependence
on quench time observed in the case of NOTB is consistent

AE per C atom

081 —A— NOTB

o6 —O—EDIP

0.44 <

0.2 e

0.0

Ring Size

!

with a general overestimate of energy barriers within the F|G. 9. The strain energy associated with forming three-, four-,
system. Since EDIP is parametrized to the DFT descriptiorand five-membered rings in the cycloalkanes calculated using DFT
of the intermediate states between graphite and diamond, th&d NOTB methods compared to experiméRef. 39. The EDIP
energy barriers foisp?-sp® interconversion are the same, values indicate an equivalent energy cost for pure carbon.
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ring. It is interesting to note that the highest-density NOTBgen term in EDIP, with th@d hocvalue of 2 accounting for
calculation contains three-membered rings, and to the best tiie effect of the hydrogen on the carbon hybridization state.
our knowledge these rings have not previously been reThe behavior of EDIP is close to that of NOTB, with slightly
ported. We should point out, however, that using a slightlyhigher penalties for the two smallest rings. This explains the
smaller coordination cutoff of 1.80 A caused these threeabsence of the three-membered rings in Table 1V, although it
membered rings to disappear from the statistics, so thesshould be noted that the occasional EDIP simulation at low
NOTB rings should not be confused with the DFT calcula-densities did contain a three-membered ring, consistent with
tions where the bond length in a three-membered ring ishe statistical variability of liquid quenching.

typically 1.5-1.6 A. The Brenner potential, on the other
hand, gives good agreement with the DFT result at low den-
sities, finding both three- and four-membered rings. How-
ever, as the density increases the Brenner structures show too This evaluation of DFT, NOTB, EDIP, and Brenner mo-
few rings since links viasp® bonded atoms are low in num- lecular dynamics simulations of carbon networks has shown
ber. The good agreement shown by the Brenner potential d@he following:

low densities arises from the parametrization data set, which (1) The properties of structures generated by picosecond
includes the highly strained cyclopropane and cyclobutandiquid quenching have an intrinsic statistical distribution that
Since these strain molecules are well described, the correatust be not be overlooked when comparing methods and
ring statistics follow. preparation conditions.

Small molecule calculations were also performed to de- (2) The generation of amorphous networks by liquid
termine the strain energy associated with forming three-quenching vyields structures in very good agreement with
four-, and five-membered rings. This was achieved by comthose formed by ion-beam deposition.
puting the energy per carbon atom in the three molecules (3) The Brenner potential works well at low densities but
cyclopropane, cyclobutane, and cyclopentane relative to cyshows strong deviation at high densities.
clohexane(assumed strain fréeThe results are shown in (4) The EDIP method shows good overall agreement with
Fig. 9, where we compare against experimental vaifies. DFT, with the most significant differences found in the fre-
Reasonable agreement is found for both DFT and NOTB foguency of small rings, and a slight underestimatespf
the four- and five-membered rings. However, in the case ofraction at high density.
the three-membered ring, NOTB overestimates the strain en- (5) The NOTB method gives a higher energy for a three-
ergy by well over a factor of 2. This observation explains themembered ring than does DFT, which explains their com-
small number of three-membered rings in the networks proparative absence in NOTB generated networks compared to
duced using NOTB. The overestimation of the strain energyDFT structures.
of three-membered rings has been noted previously using (6) At low densities, the NOTB method predicts singly
NOTB and other first-principles calculations with limited coordinated atoms not observed in the DFT, EDIP, and Bren-
basis setd! Since the frequency of occurrence of three-ner simulations.
membered rings in amorphous carbon networks will be (7) Adependency on quench rate was observed in the case
strongly dependent on their energetics, we conclude thaif NOTB, which may be explained by limitations in the basis
DFT with a sufficiently large plane-wave basis more accu-set used to describe intermediate bonding states.
rately reproduces the ring size distribution in real networks In summary, whilst DFT is the most transferable method,
than the NOTB method. NOTB can be used effectively to minimize computation time

Figure 9 also includes an estimate of the EDIP strain enprovided that its limitations in special configurations are rec-
ergy, using pure carbon rings and a coordinaffofor each  ognized. EDIP provides excellent transferability for an em-
atom of Z=2+3f(r) in the notation of Ref. 15. This ap- pirical potential, while the Brenner potential is only effective
proximate approach compensates for the absence of a hydrat low densities.

IV. CONCLUSION
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