
Valence force field-based Monte Carlo bond-rotation method for the
determination of sp2-bonded carbon structures
Sangheon Lee and Gyeong S. Hwang 
 
Citation: J. Appl. Phys. 110, 093524 (2011); doi: 10.1063/1.3660383 
View online: http://dx.doi.org/10.1063/1.3660383 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v110/i9 
Published by the American Institute of Physics. 
 
Related Articles
Spin-spin and spin-orbit interactions in nanographene fragments: A quantum chemistry approach 
J. Chem. Phys. 136, 104702 (2012) 
Interface engineering of epitaxial graphene on SiC(000) via fluorine intercalation: A first principles study 
Appl. Phys. Lett. 100, 103105 (2012) 
Quasi first-principles Monte Carlo modeling of energy dissipation by low-energy electron beams in multi-walled
carbon nanotube materials 
Appl. Phys. Lett. 100, 093113 (2012) 
Silicon layer intercalation of centimeter-scale, epitaxially grown monolayer graphene on Ru(0001) 
Appl. Phys. Lett. 100, 093101 (2012) 
Formation of fullerene superlattices by interlayer bonding in twisted bilayer graphene 
J. Appl. Phys. 111, 043513 (2012) 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 

Downloaded 22 Mar 2012 to 128.83.162.248. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://jap.aip.org/?ver=pdfcov
http://careers.physicstoday.org/post.cfm
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Sangheon Lee&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Gyeong S. Hwang&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3660383?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v110/i9?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3687002?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3692586?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3688307?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3687190?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3682475?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov


Valence force field-based Monte Carlo bond-rotation method
for the determination of sp2-bonded carbon structures

Sangheon Lee and Gyeong S. Hwanga)
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(Received 27 June 2011; accepted 8 October 2011; published online 15 November 2011)

We present a valence force field (VFF)-based Monte Carlo (MC) bond-rotation method capable of

identifying stable sp2-bonded carbon configurations. The VFF contains four parameters that are

adjusted to fit density functional theory (DFT) calculations for both planar and non-planar model

structures; the simple VFF model is shown to reliably reproduce the DFT energetics of disordered

sp2-bonded carbon with various topologies and sizes. The MC bond-rotation method combined with

the VFF is demonstrated to be effective in determining minimum-energy sp2-bonded carbon

structures, such as topological defects and fullerenes with different sizes. The computational approach

is also applied to investigate possible configurations of multi-vacancy defects (V2n, 2� n� 8) and

their relative stability. VC 2011 American Institute of Physics. [doi:10.1063/1.3660383]

I. INTRODUCTION

sp2-bonded carbon nanostructures in various dimensions

(0 D fullerenes, 1 D nanotubes, 2 D graphene nanosheets,

and 3 D porous carbon with negative curvature) possess

unique and remarkable properties. Over the past decades,

great attention has been drawn toward understanding the

nature and characteristics of nanostructured carbon materials

and exploring their potential application in a variety of me-

chanical,1 electronic,2 optoelectronic,3 and energy storage

devices.4–6 In particular, the unique ability of carbon net-

works to reorganize the atomic structure and accordingly

modify the properties makes the study of nanostructured

carbon very rich and intriguing. Ion, electron, and photon

irradiation methods7,8 have been recently employed to tailor

carbon nanostructures, for instance, through creation of small

topological defects,9 nanoribbons,10 dislocations,8 and grain

boundaries.11 However, the local atomic configurations of

disordered carbons are not yet fully clarified, despite their

importance in understanding and manipulating relevant prop-

erties; this is due in part to the difficulty of direct characteri-

zation. Until relatively recently, atomic-scale imaging of the

structure of carbons would have been hardly achievable,

although transmission electron microscopy (TEM) would

seem to be an ideal tool. Given that computational

approaches can be a powerful and flexible alternative.

In recent years, increased efforts have been undertaken

to develop structural models for sp2-bonded carbon using

various computational techniques including ab initio struc-

tural relaxation,12–16 tight-binding molecular dynamics

(MD),17–20 and classical force-field methods.21–23 First prin-

ciples methods permit an accurate description of atomic

arrangements, but are quite limited in the number of atoms

and time scale they can handle. Classical MD simulations

with empirical force fields can deal with relatively large

systems, but still suffer from time scale limitations that could

hamper complete structural relaxation, particularly for strong

network lattices of covalently-bonded carbon atoms.

Previous experimental studies8,24–26 have shown that

sp2-bonded carbon may undergo structure rearrangements

under irradiation at high temperatures without creation of a

noticeable amount of undercoordinated atoms. This implies

that the carbon lattices can be well represented by fully-

coordinated networks, which has also been supported by

earlier first principles calculations.12,17 In addition, there is

general agreement that the structural transformation between

different configurations may occur predominantly via suc-

cessive C-C bond rotations, the so-called Stone-Wales (SW)

bond rotations.27 This may suggest that thermodynamically

favored structural models could be obtained through compar-

isons of the energetics of possible trivalent structures gener-

ated by a series of SW bond rotations. A natural choice of

computational method to implement this idea would be Me-

tropolis Monte Carlo (MMC).28 Moreover, the MMC

approach does not involve bond formation=scission such that

a computationally less expensive force field model can be

used, which in turn permits simulation of large systems.

In this paper, we present a MC bond-rotation scheme

based on a simple but reliable valence force field (VFF) for

determination of the structure and energetics of sp2-bonded

carbon structures. The VFF is parameterized to fit the ener-

getics of various model structures from density functional

theory (DFT) calculations. We evaluate how well the VFF

calculates the structure and energetics of sp2-bonded carbon

through comparisons with DFT and other available force

field (FF) models. We also apply the VFF-based MC method

to investigate possible configurations for multi-vacancy

defects (V2n, 2� n� 8). The computational approach turns

out to be very effective in identifying possible minimum-

energy configurations of sp2-bonded carbon (with no coordi-

nation defects), encompassing fullerenes, nanotubes, (corru-

gated) graphene nanosheets, and their hybrid structures with

different types of topological defects.

a)Author to whom correspondence should be addressed. Electronic mail:

gshwang@che.utexas.edu.
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II. CALCULATION METHODS

A. Density functional theory

All DFT calculations herein were performed using the

well-established plane wave program, VASP,29 within the

generalized gradient approximation of Perdew and Wang

(GGA-PW91).30 Vanderbilt-type ultrasoft pseudopotentials31

were adopted to describe the interaction between ion cores

and valence electrons. Valence electron wave-functions were

expanded using a plane wave basis set with a kinetic-energy

cut-off of 400 eV. All structures were fully-relaxed using the

conjugate gradient method until residual forces on constitu-

ent atoms became smaller than 5� 10�2 eV=Å. Brillouin-

zone (BZ) sampling was performed using k-point meshes in

the scheme of Monkhorst-Pack (M-P).32

B. Valence force field model and parameter
determination

Within the VFF model, the energetics of sp2-bonded car-

bon structures is evaluated in terms of the increase in energy

with respect to the total C-C bond energy corresponding to a

single sheet of graphite (referred to as graphene) in the

ground state. Here, we adopted a four-parameter VFF model

that takes into account the contributions of: (i) two-body

bond stretching, (ii) three-body bond bending, (iii) four-body

curvature-induced pyramidalization, and (iv) p-orbital mis-

alignment between two adjacent carbon atoms. A more so-

phisticated VFF model33 with six parameters has been

developed particularly to describe the phonon properties of

graphite and nanotubes; however, as demonstrated later the

simplified four-parameter model turns out to be sufficient for

the determination of the relative stability of carbon nano-

structures that insignificantly deviate in bond topologies

from the reference graphene structure.

Given the four-parameter model, we write the energy of

sp2-bonded carbon as

E ¼ krr
�2
0

X
i;j2i

ðrij � r0Þ2 þ kh

X
i;j<k2i

ðcos hijk � cos h0Þ2

þ k/r�2
0

X
i;j<k<l2i

3~rij �~rik �~ril

rijrik þ rikril þ rilrij

� �2

þ ku

X
i;j2i

~pi �~pj

�� ��2; (1)

where kr, kh, k/, and ku are adjustable parameters to be deter-

mined, the subscripts ij, ik, il, and ijk represent pairs and trip-

lets involving atoms i, j, k, and l (while j, k, and l are the

three neighbors of i), rij is the interatomic distance between

atoms i and j, and hijk is the angle between bonds ij and ik.

Here, ~rij ¼~ri �~rj where ~ri is the atomic position vector of

atom i, and coshijk and pi are defined as

cos hijk ¼
~rij �~rik

rijrik
;

~pi ¼ 3
~rij �~rik þ~rik �~ril þ~ril �~rij

rijrik þ rikril þ rilrij
: (2)

Note that in the summations double counting of triple inter-

actions is avoided.33

The four parameters (kr, kh, k/, ku) were adjusted to fit

DFT-GGA calculations in the following sequence that corre-

sponds to an increase in the degrees of freedom of each train-

ing set: (1) kr; (2) kh; and (3) k/ and ku; training sets

employed in parameter optimization are illustrated in Fig. 1.

The best-fit parameters are listed in Table I, which were

obtained through minimization of the cross-validation error

FIG. 1. (Color online) Training sets used in parameter optimization: (a) kr

from energy variation (per C-C bond) with respect to lattice constant in gra-

phene; (b) kh from Stone-Wales (SW) defect in graphene; and (c) k/ and ku

from two different sizes of fullerene (C36 and C60) and two different nano-

tube structures [armchair (5, 5) and zigzag (8, 0)]. Black (blue) filled circles

represent atoms comprising 5-membered rings, gray (gold) filled circles are

atoms included in 7-membered rings but not in 5-membered rings, and

unfilled circles indicate the rest of the lattice atoms.
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(n) given by n2 ¼ 1
N

PN
n¼1

ðEðnÞDFT � E
ðnÞ
VFFÞ

2
, where E

ðnÞ
DFT and

E
ðnÞ
VFF refer to the DFT and VFF energies, respectively, of the

nth of N total models in the training set; the energies were

evaluated based on fully-relaxed structures (with the same

network) from each calculation.

For the GGA value of r0¼ 1.424 Å (and the hexagon in-

terior angle of h0¼ 120�), kr was first optimized based on the

total energy variation of graphene as a function of lattice

constant (�2% to 5%) [see Fig. 1(a)], and then kh was

adjusted to match the formation energy of a single Stone-

Wales (SW) defect that is made by a 90� degree in-plane

rotation of a C-C bond about its center [Fig. 1(b)]; the result-

ing pentagons and heptagons have interior angles varying

from 100� to 141�. For the DFT calculations, we used a

4-atom supercell for the lattice constant variation and a

288-atom (6� 12 unit cells) supercell for the SW defect

formation energy; the respective Brillouin-zone (BZ) inte-

grations were performed using 8� 12� 1 and 2� 2� 1

(Monkhorst-Pack) k-point meshes.

Next, we determined k/ and ku simultaneously using

two different sizes of fullerene (C36 and C60) and two differ-

ent nanotube structures [armchair (5, 5) and zigzag (8, 0)]

[Fig. 1(c)]. The strain in nonplanar conjugated carbon struc-

tures arises from pyramidalization and p-orbital misalign-

ment.34 Very little p-orbital misalignment, if any, exists in

fullerene structures; for instance, the p-orbitals of C60 are

perfectly aligned.35 Hence, the strain in fullerenes is predom-

inantly caused by pyramidalization.35 On the other hand, in

the case of nanotubes p-orbital misalignment tends to be the

main source of strain with a minor contribution of pyramid-

alization; for instance, the armchair (5, 5) structure consists

of two types of C-C bonds with p-orbital misalignment

angles of either u¼ 0� or 21.3�, while the pyramidalization

angle of its sidewall is only / � 6.0�.36 For the fullerene cal-

culations, we employed a cubic periodic supercell of 20 Å

sides (which is sufficiently large to avoid unphysical interac-

tions with the periodic images. The periodic supercells for

the armchair and zigzag nanotubes include 10 unit cells (cor-

responding to 2.47 nm long according to the DFT-GGA) and

6 unit cells (2.56 nm long) along the tube axis, respectively;

the lateral separation between the (periodic image) tube cen-

ters is about 20 Å. C-point BZ sampling was used for the

DFT calculations of both fullerenes and nanotubes.

C. Metropolis Monte Carlo

For a defective system, its atomic structure is allowed to

evolve toward thermodynamic equilibrium though MC

bond-rotation moves, as depicted in Fig. 2. Similar to

the Wooten-Winer-Weaire (WWW) bond transposition

scheme,37 a bond-rotation move involves the breaking of

two bonds (A-B and C-D) followed by the making of two

new bonds (A-C and B-D). In a perfect hexagonal lattice,

such bond-rotation leads to SW defect formation (where four

adjacent hexagons are transformed into two pentagons and

two heptagons). The acceptance or rejection of each bond-

switching move is determined using probability P¼min[1,

exp(�DE=kBT)], where DE is the energy difference between

the old and the trial configuration; the old and trial structures

were fully relaxed by the Polak and Ribiere’s conjugate-

gradient method.38 Successive MC bond-rotation moves ena-

ble one to search all possible configurations of a sp2-bonded

carbon system, regardless of kinetic barriers associated.

According to earlier theoretical calculations,39,40 the

barriers for C-C bond rotations are in the range of 4–10 eV,

depending on the local atomic configuration. Given the large

barriers, thermally-activated bond rotation appears to be

infrequent under typical annealing conditions (< 1000 �C);

however, the structural interconversion via the bond rotation

mechanism is likely facilitated by moderate-energy electron

irradiation. Very recently Kotakoski et al.8 provided evi-

dence that irradiation-induced topological defects can gradu-

ally undergo transformation into more stable configurations

though successive bond rotations under continued electron-

beam exposure (in which electron energies were just above

the threshold for atom displacement). As demonstrated later

our MC bond-rotation scheme combined with the four-

parameter VFF model well describes the structural relaxation

process and effectively determines the minimum-energy con-

figurations of disordered (sp2-bonded) carbon nanostructures

of various dimensions.

III. RESULTS AND DISCUSSION

A. Comparison between VFF and DFT

We first evaluated the accuracy and reliability of the

four-parameter VFF model [referred to as VFF(LH) hereafter

to distinguish it from other VFF models] in calculation of the

structure and energetics of sp2-bonded carbon nanostruc-

tures, through comparisons with DFT-GGA results for

(i) small topological defects in graphene, (ii) fullerenes, and

(iii) nanotubes. For comparison, we also considered the more

sophisticated (six-parameter) VFF model developed by Pere-

beinos and Tersoff [VFF(PT)]33 and the Brenner empirical

bond-order-dependent FF [BOD-FF(BR)].41

The small topological defects considered include (i)

Stone-Wales (SW or 5-7-7-5) [Fig. 2 (right)], (ii) 5-8-5,

TABLE I. Parameters of the valence force field model [Eq. (1), VFF(LH)]

employed in this work, which were adjusted to fit DFT-GGA calculations.

Units are in eV.

kr kh k/ ku

20.84 3.51 0.531 0.0081

FIG. 2. Illustration of a MC bond-rotation move that involves the 90� rota-

tion of a single bond (B-C) by breaking two bonds (A-B and C-D) and form-

ing two new bonds (A-C and B-D); this bond rotation yields a Stone-Wales

(SW) defect (right).
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555–777, and 5555–7777 di-vacancies (V2), and (iii)

“inverse Stone-Wales (ISW or 7-5-5-7)” di-interstitial (I2),

as depicted in Figs. 2 and 3. The V2 5-8-5, 555–777, and

5555–7777 defects may undergo interconversion via Stone-

Wales bond rotations (see Fig. 3); while they all have been

observed experimentally,8,42 the 555–777 defect is likely to

be the most energetically favorable form.14,17 For the I2 ISW

defect, the formation of the abutting 5-membered rings and

two 7-membered rings induces a strong local curvature. Our

MMC simulations based on VFF(LH) consistently predicted

the 555–777 and ISW defects to be thermodynamically the

most probable V2- and I2-type defects, respectively, consist-

ent with previous studies.15,17 Fig. 4 summarizes the

predicted formation energies of these small topological

defects from DFT-GGA, VFF(LH), VFF(PT), and BOD-

FF(BR) calculations. The formation energy (Ef) is given by:

Ef¼E(N6n)� (16n=N)E=(N), where E(N6n) represents the

total energy of the N (Nþn or N-n)-atom supercell containing

a single SW defect (n interstitials or vacancies) and E=(N) is

the N-atom pristine graphene total energy. Here, we used a

supercell with N¼ 288 (corresponding to 6� 12 unit cells),

and an (2� 2� 1) k-point M-P mesh for BZ sampling.

Overall VFF(LH) yields the best agreement with DFT, while

VFF(PT) and BOD-FF(BR) tend to overestimate the

FIG. 3. (Color online) Di-vacancy (V2) at

different configurations (5-8-5, 555–777,

and 5555–7777) and ISW di-interstitial (I2),

as indicated. The 5-8-5, 555–777, and

5555–7777 defects may undergo intercon-

version through bond rotations, as illus-

trated (- - - - and j indicate bond formation

and break, respectively). Black (blue) filled

circles represent atoms comprising 5-

membered rings, gray (gold) filled circles

are atoms included in 7-membered rings but

not in 5-membered rings, and unfilled

circles indicate the rest of the lattice atoms.

FIG. 4. Predicted formation energies (Ef) of small topological defects (SW,

V2, I2, as depicted in Figs. 2 and 3) from DFT-GGA, VFF(LH), VFF(PT),

and BOD-FF(BR) calculations.
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formation energies except for the ISW defect; this is not sur-

prising because VFF(LH) parameters were optimized based

on DFT-GGA calculations.

Using VFF(LH)-based MMC simulations, we con-

structed even-numbered C2n (15� n� 35) fullerenes; the

MC bond-rotation approach turns out to be very effective in

identification of possible fullerene configurations. Our simu-

lations well reproduced the minimum-energy configurations

of fullerenes with various sizes (including D6h symmetry C36

in Ref. 43, truncated icosahedron (Ih) C60 in Ref. 44, and D5h

symmetry C70 in Ref. 45), while obeying the so-called

isolated pentagon rule (IPR)46,47 for large structures

(2n¼ 60, 70, and 2n> 70).

Figures 5 and 6 summarize the relative formation ener-

gies (Êf per carbon atom) of fullerenes and nanotubes with

respect to defect-free graphene, which we obtained from

DFT, VFF(LH), VF(PT), and BOD-FF(BR) calculations.

Here, both (n, n) armchair and (m, 0) zigzag nanotubes with

different diameters (n¼ 5–9 and m¼ 8–12) were considered

to examine the diameter and chirality dependences. Êf is cal-

culated by fE(N) – E=(N)g=N, where E(N) and E=(N) refer to

the total energies of N-atom fullerene (or nanotube) and pris-

tine graphene, respectively. The conditions employed for the

DFT and FF calculations are described in Sec. II. B. For a

wide size range of both fullerenes and nanotubes, the DFT-

GGA and VFF(LH) formation energies are in excellent

agreement, whereas VFF(PT) and BOD-FF(BR) somewhat

overestimate and underestimate the nanotube formation

energies, respectively, and they both yield higher formation

energies for fullerenes as compared to DFT-GGA. The quan-

titative agreement between VFF(LH) and DFT suggests that

the simplified four-parameter model can be sufficient for

determination of the structure and thermodynamic stability

of sp2-bonded carbon (that insignificantly deviates in bond

lengths and bond angles from the ideal honeycomb lattice of

graphene). However, we should point out that more sophisti-
cated FF models such as VFF(PT) might be necessary to

describe more rigorously the phonon dispersions and vibra-

tional properties.

B. Multi-vacancy structures in graphene

Vacancies are believed to be the predominant defects in

graphene,48,49 and can be created during growth or upon irra-

diation.7,8 Monovacancies were naturally the first choice of

study in earlier theoretical investigations50 and transmission

electron microscopy (TEM) experiments;8,9 however, they

may undergo migration with moderate activation energy

(�1.7 eV) (Ref. 51) and agglomerate into vacancy clusters at

elevated temperatures. The accurate determination of multi-

vacancy structures is of great importance for a better under-

standing of the properties of defective graphene. Using the

VFF(LH)-based MMC scheme, we investigated possible

configurations for multi-vacancy defects (V2n, 2� n� 8).

Here, a relatively large (6240 – 2n)-atom supercell (corre-

sponding to 30� 52 unit cells with 2n vacancies) to avoid

the unwanted interaction between periodic images.

In the size regime, our simulations consistently pre-

dicted that the minimum-energy structures are grouped into

FIG. 5. Predicted relative formation energies per carbon atom (Êf) of even-

numbered fullerenes (C2n, 15� n� 35) with respect to defect-free graphene

from DFT-GGA, VFF(LH), VF(PT), and BOD-FF(BR) calculations. Here,

the fullerene structures were obtained using the VFF(LH)-based MC bond-

rotation method presented herein.

FIG. 6. Predicted relative formation energies per carbon atom (Êf) of carbon

nanotubes of two different chiralities and various sizes with respect to

defect-free graphene from DFT, VFF(LH), VF(PT), and BOD-FF(BR) cal-

culations; (a) (n, n) armchair (n¼ 5–9) and (b) (m, 0) zigzag (m¼ 8–12)

nanotubes.
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“loop” (see Fig. 7) and “dislocation” (see Fig. 8). The loop-

type defect consists of a chain of alternating pentagons and

heptagons that surrounds a cluster of hexagons (rotated by

30� with respect to the original lattice). As the number of

vacancies increases, the inner hexagonal lattice becomes

two-dimensional rather than elongated in one direction;

interestingly, in V12 the 5–7 pairs can be favorably arranged

to enclose a circular-shaped domain. Very recently, the for-

mation of loop-type multi-vacancy defects was evidenced by

HRTEM measurements.8 In addition, the 5–7 chains tend to

be a key building block for graphene grain boundaries,

according to a recent CVD (chemical vapor deposition)

growth study of graphene.11 For each dislocation-type

defect, there are two separated 5–7 pairs with different chir-

ality; that is, a 5–7 defect (þ dislocation) and a 7–5 defect

(� dislocation). The distance between the edge dislocation

dipoles increases with increasing the number of vacancies;

the dislocation structure has been rather well studied.14,52 As

summarized in Fig. 9, our VFF calculations predict that

when less than twelve vacancies the loop structure is thermo-

dynamically more stable than the dislocation structure while

the larger clusters favor the dislocation type.

FIG. 7. (Color online) Minimum-energy con-

figurations for loop-type vacancy defects (V2n,

n¼ 2–7) in graphene, calculated by the

VFF(LH)-based MC bond-rotation method

presented herein. Black (blue) filled circles rep-

resent atoms comprising 5-membered rings,

gray (gold) filled circles are atoms included in

7-membered rings but not in 5-membered rings,

and unfilled circles indicate the rest of the

lattice atoms.
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IV. SUMMARY

We developed a VFF-based MC bond-rotation scheme

that can be applied to identify the minimum-energy configu-

rations of sp2-bonded carbon. We adopted a four-parameter

VFF model that takes into account two-body bond stretching,

three-body bond bending, four-body curvature-induced

pyramidalization, and p-orbital misalignment between two

adjacent carbon atoms. The parameters were adjusted to fit

DFT-GGA results for both planar and non-planar model

structures. We demonstrated that the VFF very closely repro-

duces the DFT formation energies of small topological

defects in graphene, fullerenes, and nanotubes; the quantita-

tive agreement suggests that the simplified four-parameter

model can be sufficient for evaluation of the thermodynamic

stability of sp2-bonded carbon (that insignificantly deviates

in bond lengths and bond angles from the ideal honeycomb

lattice of graphene). Combined with the simple but reliable

VFF, the MC bond-rotation method consistently yielded the

minimum-energy configurations of fullerenes with various

sizes and small topological defects in graphene. This clearly

demonstrates that this computation approach can be an effec-

tive way to identify possible sp2-bonded carbon structures

(free of coordination defects). Note that the current VFF

model is only applicable to cases with no bond-coordination

defect; however, it could further be improved by taking into

account additional penalty energy terms associated with

under- or over-coordinated C atoms to address their effects

on the structural properties and energetics.53 Finally, we

applied this method to the study of multi-vacancy defects

(V2n, 2� n� 8) that render no under- or over-coordinated

atoms. In this size regime, our simulations show that the

vacancies tend to be grouped into loop- and dislocation-type

defects; when less than twelve vacancies the loop structure is

predicted to be thermodynamically more stable than the dis-

location structure, while the larger clusters favor the disloca-

tion type. We envision that the modeling effort will

contribute to a better understanding of the structural proper-

ties of carbon-based materials, which will further provide

valuable guidance on how to manipulate the carbon structure

to achieve desired properties for specific applications includ-

ing electronics, optoelectronics, energy storage, and sensors.
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FIG. 8. (Color online) Minimum-energy configurations for dislocation-type

vacancy defects (V2n, n¼ 5–8) in graphene, calculated by the VFF(LH)-

based MC bond-rotation method presented herein. Black (blue) filled circles

represent atoms comprising 5-membered rings, gray (gold) filled circles are

atoms included in 7-membered rings but not in 5-membered rings, and

unfilled circles indicate the rest of the lattice atoms.

FIG. 9. Predicted formation energies (Ef) of loop-type (V2n, 2� n� 7) and

dislocation-type (V2n, 3� n� 8) multi-vacancy defects.
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