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Abstract We study the thermal stability and mor-

phological variations of nanorings with different radii

during the temperature elevation using the molecular

dynamics (MD) simulation method. Five metastable

nanorings were generated using the different initial

C–C bond length of armchair carbon nanotubes. The

stable structures of the two smallest nanorings have

several kinked regions around the nanorings, with the

deformations of the inner and outer walls occurring at

the same temperature. For the largest three cases, the

morphologies of nanorings from the top view display

circular shapes at 0 K. For the nanoring with a radius

of 146 Å(350 units), the thermal deformation process

is very similar to the smallest two cases, but the

temperature at which the thermal deformation begins

is higher. For the nanoring with nanoring radii of

165 Å (400 units) and 185 Å (450 units), thermal

deformation will take place at the inner wall of the

nanoring, and then will induce deformation of the

outer wall at a higher temperature. Variations of local

structures at the kinked regions at different temper-

atures are also drawn.
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Introduction

A carbon nanoring quasi-zero dimensional structure

which could conceptually be formed by knitting

together the two ends of a carbon nano-tube (CNT)

was discovered by Liu et al. (1997). Because CNTs

possess many promising mechanical and electronic

properties, the CNT as well as carbon nanorings can be

used in both electronic (Oh et al. 2000) and mechanical

devices (Chen et al. 2005) in an electronic-mechanical

system. In these electronic-mechanical systems, ther-

mal effects might be an important factor which

influences the structure stiffness (Zhu and Wang

2007) and structure stability (Hod and Rabani 2003;

Pozrikidis 2008; Liu et al. 2005). Most importantly,

the induced thermal deformation (or structure) will

influence the electronic properties (Liu et al. 2001).
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Thus, understanding of thermal stability is very

important before nanoring or other structures (Berber

et al. 2003) can provide building blocks for larger

systems. Furthermore, it is helpful to optimize the

electronic-mechanical properties to meet the thermal

or mechanical conditions as such a system is put into

operation.

There is substantial existing literature investigat-

ing nanoring physical properties, such as electronic

structure (Lin and Chuu 1998a, b; Latge et al. 2003;

Shyu et al. 2004), magnetic properties (Lin and Chuu

1998a, b; Liu et al. 2002; Latil et al. 2003; Tsai et al.

2004), optical properties (Lin 1998a, b, c), and

transport properties (Shea et al. 2000). Most of these

studies use a static approach and do not take the

thermal effect into account. Though this research

indeed provides valuable information, the important

influence of deformation which arises either from the

thermal or mechanical loading has for the most part

been lacking. In Liu et al.’s (1997) study, they clearly

pointed out that there is a dramatic change in the

electronic conductance by delocalized deformation.

Furthermore, Kwon et al. (2004) found the contrac-

tion deformation of the CNT could take place at room

temperature and become severe at higher tempera-

ture. This conclusion also suggests that thermal

deformation needs to be considered to more accu-

rately approach a realistic application.

In more related research, Hod and Rabani (2003)

investigated the structure and stability of closed-ring

CNTs based on the Tersoff–Brenner potential (Bren-

ner 1990a, b). These metastable structures are

produced by geometric folding and relaxed into

minimum energy using a minimizing algorithm.

They found that short tubes do not stay closed and

yet tubes of longer than 18 nm are kinetically stable.

The initial structures are suggested by Dunlap

(1992), which use the minimization energy method

to decide the possible structure. Oh et al. (2000)

found that different structures, like D5d and D6h

nanotube tori, behave like semiconductors and

metal, respectively. Both of these studies have

provided deep insight into the stability and elec-

tronic properties of nanoring structures; however,

dynamic behavior under the temperature environ-

ment is not discussed.

Chen et al. (2005) investigated the mechanical

properties of the connected carbon nanoring by

molecular dynamics (MD) simulation. They found

the nanorings are stable under large tensile deforma-

tion. The focus of this study is on mechanical

strength, thus, the initial configuration of the nanoring

is obtained under a certain temperature, but the

thermal stability is left unexplored. Huhtala et al.

(2002a, b) investigated the defect formation of the

nano-toroidal structure obtained by bending the CNT

at both low and at very high temperature. They found

bond breakages in the pentagon–heptagon pair and

that the thermally excited defects seem to settle

mainly in the unbuckled regions at high temperature.

Similarly, the bond breakage behavior is only found

at a specific temperature, and the thermal stability is

left unexplored.

The objective of this paper is to investigate the

thermal stability and morphological variations of the

carbon nanorings of different radii when subjected to

a gradual temperature rise. The MD method with the

second-generation reactive empirical bond order

(REBO II) potential (Brenner et al. 2002) is used to

simulate the interaction between carbon atoms. In

addition, the Nosè–Hoover thermostat algorithm

(Hoover 1985) is used to model a temperature rise

procedure. In this paper, we investigate the deforma-

tion mechanisms of nanorings of five sizes at

differing temperatures, and find two distinct mecha-

nisms affecting the nanoring deformation at nanor-

ings of different sizes.

Simulation model

In the present study, the temperature elevation process

is examined by MD simulations under the canonical

ensemble (NVT ensemble). We simulated nanorings

of different radii, all constructed of perfect (10,10)

armchair SWCNTs bent to form a ring shape. The

shape change behavior and the energy of stable

structures at different temperatures were calculated.

To evaluate the temperature effect, all atoms of the

system were assumed to be thermal control atoms at

the temperatures simulated. The Nosè–Hoover

method is adopted to ensure a constant system

temperature throughout the temperature elevation

procedure and the Velocity Verlet algorithm (Lev-

esque et al. 1973) is also employed to calculate the

trajectories of the atoms. A time step of 0.25 fs was

set for the time integration. The REBO II potential

was employed to describe short-range bonding
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atomic interactions. The total energy of system is thus

expressed as

EREBO
ij ¼

X

i

X

jðj [ iÞ
½VRðrijÞ � B�VAðrijÞ� ð1Þ

wherer ij is the distance between atoms i and j.

VR(rij)and VA(rij) are the repulsive and attractive

energies between atom i and atom j, respectively. B*

is a bond order between atoms i and j. The REBO II

potential have expanded database, which leads to a

significantly better description of chemical and

mechanical properties of hydrocarbon molecules

and diamond that compare reasonably well to first-

principle prediction. The parameters and detailed

introduction of this potential can be found for a

SWCNT using concepts developed by Brenner. It has

been demonstrated that the cutoff functions of the

REBO II potential overestimate the force needed to

break a C–C covalent bond. In order to prevent an

overestimation of the breaking force of the C–C

bond, we use a modified cut-off distance parameter

the onset of the covalent interaction cutoff distance

from 1.7 to 1.95 Å (Belytschko et al. 2002; Huhtala

et al. 2004; Sammalkorpi et al. 2004; Zhang et al.

2005). Therefore, in this present MD simulation, the

C–C bond is considered as a so-called breaking bond,

where the bond length between the C–C atoms is

larger than the cut-off distance of 1.85 Å. In addition,

long-range van der Waals interactions are included in

the form of a Lennard–Jones potential that is only

active at distances greater than the covalent bond

lengths. The van der Waals potential energy base on

general Lennard–Jones can be written as

EvdWðrÞ ¼ 4e
r
r

� �12

� r
r

� �6
� �

ð2Þ

where r is the distance between atoms. For carbon atom

the parameter e = 0.0556 kcal/mol and r = 3.4 Å

(Battezzatti et al. 1975). Thus, the total potential

energy Etotal is given by

Etotal ¼
XN

i¼1

X

j [ i

ðEREBO
ij þ EvdWÞ ð3Þ

In order to find the possible minimum-energy

structure for nanorings with different radii, we

generated the perfect (10,10) armchair type CNT

with different initial bond lengths and repeat units (40

atoms, as shown at the inset in Fig. 1), then formed

them into closed-ring-like structure by using the

coordinate transformation. This structure is clearly

not a minimum-energy configuration. There is an

excess tension in the inner radius of the ring due to

contraction of the C–C bonds, and there is no

compensation from the outer radius where extension

of the C–C bonds occurs. In order to obtain the

equilibrium state of the nanorings of different radii,

one hundred thousand time steps were run at 0 K and

then the total energy was calculated to find the

possible best bond length of C–C required for

nanorings composed of 250–450 repeated units with

radii differing from 97 to 136 Å. The obtained initial

structure was found for those bond lengths with the

lowest energies and presented in Fig. 1, which shows

total energy for different C–C bond lengths at

different units. The possible initial bond lengths of

the nanotube necessary to bend into nanoring form

are 1.51, 1.51, 1.50, 1.49, 1.48 Å for 250, 300, 350,

400, and 450 units, respectively. The specific corre-

sponding nanoring radii for those unit forms are about

106, 125, 146, 165, and 185 Å, respectively. The

thermal stability of five nanorings is investigated by

using these initial structures and gradually increasing

temperature to 3500 K.

Fig. 1 Total energy of equilibrium state for different initial

C–C bond length of nanotubes to fold into nanorings (the

values shadowed for each different curve are the initial bond

length chosen to temperature elevating process)
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Results and discussion

Figure 2a shows the final stable structures of five

nanorings of different radii after energy minimization

by the conjugate-gradient algorithm. For easier

comparison, the shapes of these five nanorings made

from carbon nanotubes of 250, 300, 350, 400, and

450 repeated units are shown in the same figure with

one common origin. The standard deviations of

nanoring radii and the average cohesive energies for

five nanorings are depicted in Fig. 2b. The samples

for the standard deviation are taken from the local

radius calculated over 1� intervals from 0� to 360�, a

total of 360 samples. The cases of 250 and 300 units

show larger values of standard deviations, indicating

the equilibrium structures are not close to perfect

circular shapes when observed from the top view.

Several kinked regions (hereafter ‘‘kinks’’) in the

Fig. 2 a Morphologies of five nanorings after the energy

minimization by the conjugate algorithm; b radius standard

deviation and average potential energies of the five nanorings;

c average bond lengths after the energy minimal process at

inner and outer walls. The dashed line is the stablest bond

length of a (10,10) carbon nanotube at 0 K
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shape can be clearly seen in Fig. 2a for the cases of

250 and 300 units, resulting in the larger values of

standard deviations. The carbon atoms at these kinks

are under local distortion relative to their first

neighbor atoms. The standard deviations for the

other three cases are close to zero, indicating that the

shapes of these nanorings are nearly circular in shape.

Figure 2c shows the average bond lengths of inner

and outer walls of these nanorings, with the most

stable bond length of a (10,10) carbon nanotube

indicated by the dashed line at 1.42 Å. The outer and

inner walls for all nanorings are defined as the

outermost and innermost C–C bond chains, colored in

yellow and blue, respectively, in the lower left of

Fig. 2b. Figure 2c shows the average bond lengths

after the energy minimal process at inner and outer

walls. The dashed line is the stablest bond length of a

(10,10) carbon nanotube at 0 K. It can be seen the

average bond lengths of the inner walls are shorter

than that of the most stable bond length, while the

average bond lengths of the outer walls are longer

than the most stable bond length, indicating the inner

and outer walls of all nanorings are under conditions

of slight compression and tension, respectively. For

the cases of 250 and 300 units, the structures have

several kinks, which serve to produce average bond

lengths of both the inner and outer walls that are

closer to the most stable bond length than those of the

circle-like nanorings. For the largest three cases, it is

clear that both the bond lengths of inner and outer

walls approach the bond length of a (10,10) carbon

length.

Because the shapes of nanoring structures of

different radii are different at 0 K as shown in

Fig. 2a, the structural variations during the process of

temperature elevation could be very different.

Accordingly, the energy difference of an atom

between temperatures of T and zero is used to

indicate the local structural variation. The formula for

the atomic energy difference is defined as follows:

DEiðTÞ ¼ EiðTÞ � Eið0Þ ð4Þ

where i, Ei(T), and Ei(0) represent atom i of a

nanoring, the potential energy of atom i at temper-

ature T, and the referenced potential energy of atom i

at temperature 0 K, respectively. Because the varia-

tion of potential energy is sensitive both to the

distance between two carbon atoms and the angle

formed among three neighbor carbon atoms, the

value of DEi(T)reflects variance in the structural

arrangement of a carbon atom with its first near

neighbor carbon atoms at temperature T, relative to

its structure at 0 K. A larger value of DEi(T) for an

atom at temperature T indicates a significant local

structural variation with change in temperature, while

a small value indicates little change in local carbon

atom structure relative to its nearest neighbor atoms,

even with the change in temperature. It is noted that

as usual situation, the significant local structure

variation will cause the abrupt change in potential

energy. However, in this case, the kinetic energy only

changes linearly to the temperature. Thus, the abrupt

change will also reflect to the total energy.

Since the inner and outer walls of a nanoring are

under compression and tension within the same

structure, Figs. 3a, b, 4a, b, 5a, b, 6a, b, to 7a, b

display the energy difference plots for the inner and

outer walls of nanorings of 250, 300, 350, and 400

units at different temperatures, respectively. The

horizontal axes of these figures display different

temperatures, and the vertical axes represent the

angle around the nanoring from 0�. The largest

energy difference value within each 1� interval is

plotted in Figs. 3, 4, 5, 6, and 7 and the values are

provided in the legends for each figure. In Fig. 3, at

temperatures less than 100 K, the nanoring’s uniform

expansion is indicated by the low color differential at

both the inner and outer walls. As the temperature

continuously increases, several lines with more

contrastive color are apparent, indicating carbon

atoms within these portions undergo more significant

local distortions relative to their first neighbor atoms,

while the carbon atoms within other portions of the

nanoring still display relatively uniform thermal

expansion, even at high temperatures over 3000 K.

It should be noted that the portions undergoing

significant local geometric deformations are the

portions with local distortion carbon atoms and

therefore kinks at the inner wall. The continuous

deformations at these portions at higher temperatures

are mainly responsible for releasing thermal stresses

to remain a stable structure. The energy difference

plot for the 300 unit nanoring displays a very similar

variation at different temperatures, but the tempera-

ture at which several lines with the clear contrasting

color begins to appear is higher than that for the

nanoring of 250 units. Figure 5 shows the energy

difference plot for the 350 unit nanoring which,
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unlike the 250 or 300 unit ring, has a perfect circle-

like shape at 0 K. Uniform expansion can be seen in

both the inner and outer walls until the temperature is

higher than 500 K, at which point contrasting color

lines begin to appear. Although the inner and outer

walls of this nanoring are still under compression and

tension, the average bond lengths are closer to the

equilibrium bond length of a (10,10) CNT. Accord-

ingly, this nanoring maintains its shape at higher

temperature better than those with visible kinks at

0 K. Figure 6 demonstrates the energy difference plot

of the nanoring of 400 units, and the energy

difference variations at different temperatures are

notably different from the previous three cases. The

outer wall seems to expand almost uniformly as

the temperature increases from 0 to 2500 K, with the

contrasting lines not appearing until about 2500 K

and with the outer wall still maintaining a circular

shape even at a high temperature. Even though the

outer wall is still under the condition of slight tension,

the average bond length is very close to that of a

(10,10) CNT. However, since the outer wall remains

circular in shape at a higher temperature, the

deformation of the inner wall is responsible for

releasing thermal stress as the temperature increases

from 0 to 2500 K. The energy difference plot of the

Fig. 3 Distributions of local energy difference of 250 unit

nanoring along a temperature gradient at a the inner wall; and

b the outer wall

Fig. 4 Distributions of local energy difference of 300 unit

nanoring along a temperature gradient at a the inner wall; and

b the outer wall
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inner wall shows local deformation at the inner wall

begins at about 200 K, even lower than that of the

350 unit case, and only the outer wall undergoes

uniform expansion without local distortion. Unlike

the 400 unit nanoring, the cases of 250, 300, 350 units

display a relationship of deformations between the

inner and outer walls in which the local deformations

of inner and outer walls occur at roughly the same

temperature. For the case of 400 units, Fig. 6 clearly

displays an uneven stress condition between inner

and outer walls, where even though local distortions

occur at several portions of the inner wall from

temperatures starting at about 200 K, the outer wall is

not influenced by the local distortions of the inner

wall until 2500 K. When the temperature is higher

than 2500 K, the distortions at the inner wall become

so significant that they will induce distortion at the

outer wall, as shown in Fig. 6 by the contrasting color

lines for the outer wall at about 2500 K. Figure 7

demonstrates the energy difference plot of the

nanoring of 450 units, and the energy difference

variations at different temperatures are very similar to

the case of 400 units. Figure 8 shows the snapshots of

different nanorings during the temperature elevating

process. The two smallest nanorings have several

kinks during the temperature elevation process.

However, the biggest nanoring almost maintains its

Fig. 5 Distributions of local energy difference of 350 unit

nanoring along a temperature gradient at a the inner wall; and b
the outer wall

Fig. 6 Distributions of local energy difference of 400 unit

nanoring along a temperature gradient at a the inner wall; and

b the outer wall
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perfect ring-like form and has no kink during the

simulation.

For a closer inspection of the local structural

variation, Fig. 9a–f depicts six local top view mor-

phologies of a 400 units nanoring at the same 86–94�
segment (of the nanorings’ 360�) at temperatures of

1500, 1700, 2000, 2300, 2700, and 2900 K, respec-

tively. At 1500 K, the kink at the inner wall is

apparent, and the outer wall at this kink moves

slightly in toward the inner wall. From this top view,

the width at this kink becomes thinner. At 1700 K,

the outer wall at the kink, which slightly moves

toward the inner wall at 1500 K, has recovered to a

position similar to the other parts of the outer wall,

and the kink has shifted more to the left while the

width of the nanoring at the kink has become thinner

than that at 1500 K. As temperature continuously

increases to 2000 K, the position of this kink will

remain the same, but will become broader than that at

1700 K. At 2000 K, the width becomes thicker than

that at 1700 K and recovers to a width similar to that

at 1500 K. At 2300 and 2700 K, the kink will become

broader and the width at the kink will become thinner

than that at 2000 K. The outer wall at the kink seems

more flat and has been influenced by the deformation

of the inner wall at these high temperatures. At

2900 K, the width of the nanoring continues to

become thinner, but the kink becomes even narrower

and sharper than at 2300 and 2700 K. Here, an

interesting deformation mechanism of the nanoring of

400 units during the process of temperature elevation

has been found. Because the bonding strengths of

carbon atoms at the outer wall are very similar to

those of a (10,10) CNT, the local deformations of the

nanoring to release thermal stress during the process

of temperature elevation occurs first at the inner wall.

The kink at the inner wall will appear at a specific

temperature and the width of the nanoring at the kink

will become continuously thinner, to finally influence

the outer wall at 1500 K. However, the influenced

part of the outer wall will recover to a stable local

structure at a higher temperature, which causes the

kink to shift. At a higher temperature, since the local

deformation at the inner wall cannot cause the

deformation of outer wall to release thermal stress,

the kink will become broader in order to release the

excess thermal stress with the rise in temperature.

Finally, at temperatures higher than 2700 K, the

width becomes the thinnest and the kink becomes

even narrower.

Finally, the comparison of thermal stability

between nanorings of different radii is summarized

in Fig. 9. The averaged atomic energy difference is

used to indicate the thermal stability of nanorings and

defined as the following formula:

DEðTÞ ¼
XN

i¼1

DEiðTÞ=N ð5Þ

where DEi(T) has the same definition in Eq. 4, and

N is the total atom number of a nanoring. Conse-

quently, the averaged atomic energy difference is a

Fig. 7 Distributions of local energy difference of 450 unit

nanoring along a temperature gradient at a the inner wall; and

b the outer wall
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normalized index to investigate the thermal stability

of nanorings of different sizes.

When the temperature elevates from 0 to 500 K,

the profiles of the smallest three nanorings display

significant variation with the temperature increase,

while the other two profiles show values close to zero

within this temperature range. For the smallest three

nanorings, curvatures are relatively larger, which

cause significant local stresses and unstable struc-

tures. Once the temperature rises and provides just

small amount of kinetic energy, the rearrangements

of local atomic structures will take place to release

the local stresses and become more stable. Accord-

ingly, the profiles increase with the increase of

Fig. 8 The snapshots of

different nanorings during

the temperature elevating

process

J Nanopart Res (2011) 13:1995–2006 2003

123



temperature, and then decreases when the tempera-

ture increases. This can be regarded that these

nanorings obtain enough kinetic energy to overcome

the energy barrier and become relatively stable local

minimum structures at about 500 K. For the largest

two nanorings, the values of averaged atomic energy

difference increases very slowly, indicating there is

no significant local structure rearrangement within

this temperature range.

When temperature continuously increases from

500 K, the profiles of the smallest two nanorings

monotonically increase with the increase of temper-

ature. However, the slopes of profiles of 350-, 400-,

and 450-unit nanorings will become larger after the

temperatures are higher than different specific

temperatures. The smallest two nanorings undergo

significant atomic local rearrangement within a

temperature range between 0 and 500 K, so the

local structures will not present severe structural

change at higher temperatures. For larger nanorings,

the local structures undergo slightly and continu-

ously rearrangement within a broader temperature

range from 0 K and then display more significant

structural rearrangement when the temperatures are

over specific values, leading to larger slopes in

Fig. 10.

Conclusion

The deformation mechanisms of five nanorings

during an increase in temperature have been demon-

strated. After energy minimization, the stable struc-

tures of the two smallest nanorings display several

kinks, and the local deformation for the larger of

these two nanorings will occur at a higher temper-

ature than the smaller one. The deformations of inner

and outer walls will take place at the same temper-

ature, and remain at higher temperatures. For the

Fig. 9 Morphological

variations of a kinked

region of an 400 unit

nanoring at temperatures

of a 1500 K, b 1700 K,

c 2000 K, d 2300 K,

e 2700 K, and f 2900 K
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Fig. 10 Profiles of averaged atomic energy difference for five

nanorings of different radii

2004 J Nanopart Res (2011) 13:1995–2006

123



largest three cases, the morphologies of nanorings

from the top view display circular shapes at 0 K. For

the case of 350 units, with a nanoring radius of

146 Å, the thermal deformation process is very

similar to the smallest two cases, but the temperature

at which the thermal deformation begins is higher.

For the cases of 400 and 450 units, with nanoring

radii of 165 and 185 Å, thermal deformation will first

take place at the inner wall of the nanoring, and then

the deformation at the inner wall will finally induce

the deformation of the outer wall at a higher

temperature. Although the structures of all nanorings

are under both slight compression and slight tension

at the inner and outer walls, respectively, the local

structures with an average bond length close to that of

a (10,10) CNT can maintain their shape at a higher

temperature.

Acknowledgments The authors would like to thank the

National Center for Theoretical Sciences and National Science

Council of Taiwan for supporting this study, under Grant Nos.

NSC95-2221-E-159-003-MY3 and NSC97-2221-E-492-003-

MY2.

References

Battezzatti BY, Pisani C, Ricca F (1975) Equilibrium confor-

mation and surface motion of hydrocarbon molecules

physisorbed on graphite. J Chem Soc Faraday Trans II

71:1629–1639

Belytschko T, Xiao SP, Schatz GC, Ruoff RS (2002) Atomistic

simulations of nanotube fracture. Phys Rev B 65:235430

Berber S, Kwon YK, Tomanek D (2003) Bonding and energy

dissipation in a nanohook assembly. Phys Rev Lett

91:165503

Brenner DW (1990a) Atomistic computer simulations of the

reactive dynamics of diamond surfaces. Carbon 28:769–770

Brenner DW (1990b) Empirical potential for hydrocarbons for

use in simulating the chemical vapor deposition of dia-

mond films. Phys Rev B 42:9458–9471

Brenner DW, Shenderova OA, Harrison JA, Stuart SJ, Ni B,

Sinnott SB (2002) A second-generation reactive empirical

bond order (rebo) potential energy expression for hydro-

carbons. J Phys Condens Matter 14:783–802

Chen N, Lusk MT, van Duin ACT, Goddard WA (2005)

Mechanical properties of connected carbon nanorings via

molecular dynamics simulation. Phys Rev B 72:085416

Dunlap BI (1992) Connecting carbon tubules. Phys Rev B

46:1933

Hod O, Rabani E (2003) Carbon nanotube closed-ring struc-

tures. Phys Rev B 67:195408

Hoover WG (1985) Canonical dynamics: equilibrium phase-

space distributions. Phys Rev A 31:1695–1697

Huhtala M, Kuronen A, Kaski K (2002a) Carbon nanotube

structures: molecular dynamics simulation at realistic

limit. Comput Phys Commun 146:30–37

Huhtala M, Kuronen A, Kaski K (2002b) Computational

studies of carbon nanotube structures. Comput Phys

Commun 147:91–96

Huhtala M, Krasheninnikov AV, Aittoniemi J, Stuart SJ,

Nordlund K, Kaski K (2004) Mechanical properties of

carbon nanotubes with vacancies and related defects. Phys

Rev B 70:245416

Kwon YK, Berber S, Tomanek D (2004) Thermal contraction

of carbon fullerenes and nanotubes. Phys Rev Lett

92:015901

Latge A, Rocha CG, Wanderley LAL, Pacheco M, Orellana P,

Barticevic Z (2003) Defects and external field effects on

the electronic properties of a carbon nanotube torus. Phys

Rev B 67:155413

Latil S, Roche S, Rubio A (2003) Persistent currents in carbon

nanotube based rings. Phys Rev B 67:165420

Levesque D, Verlet L, Kurkijar J (1973) Computer experiments

on classical fluids. IV. Transport properties and time-

correlation functions of the Lennard–Jones liquid near its

triple point. Phys Rev A 7:1690–1700

Lin MF (1998a) Low-frequency optical excitations in zigzag

carbon tori. Phys Rev B 58:3629–3632

Lin MF (1998b) Magnetooptical properties of carbon toroids. J

Phys Soc Jpn 67:2218–2221

Lin MF (1998c) Transport properties of carbon toroids. J Phys

Soc Jpn 68:3744–3745

Lin MF, Chuu DS (1998a) Electronic states of toroidal carbon

nanotubes. J Phys Soc Jpn 67:259–263

Lin MF, Chuu DS (1998b) Persistent currents in toroidal car-

bon nanotubes. Phys Rev B 57:6731

Liu J, Dai HJ, Hafner JH, Colbert DT, Smalley RE, Tans SJ,

Dekker C (1997) Fullerene ‘crop circles’. Nature

385:780–781

Liu L, Jayanthi CS, Wu SY (2001) Structural and electronic

properties of a carbon nanotorus: effects of delocalized

and localized deformations. Phys Rev B 64:033412

Liu L, Guo GY, Jayanthi CS, Wu SY (2002) Colossal para-

magnetic moments in metallic carbon nanotori. Phys Rev

Lett 88:217206

Liu P, Zhang YW, Lu C (2005) Atomistic simulations of for-

mation and stability of carbon nanorings. Phys Rev B

72:115408

Oh DH, Park JM, Kim KS (2000) Structures and electronic

properties of small carbon nanotube tori. Phys Rev B

67:1600

Pozrikidis C (2008) Structure of carbon nanorings. Comput

Mater Sci 43:943–950

Sammalkorpi M, Krasheninnikov A, Kuronen A, Nordlund K,

Kaski K (2004) Improved mechanical load transfer

between shells of multiwalled carbon nanotubes. Phys

Rev B 70:045404

Shea HR, Martel R, Avouris P (2000) Electrical transport in

rings of single-wall nanotubes: one-dimensional locali-

zation. Phys Rev Lett 84:4441–4444

Shyu FL, Tsai CC, Chang CP, Chen RB, Lin MF (2004)

Magnetoelectronic states of carbon toroids. Carbon

42:2879–2885

J Nanopart Res (2011) 13:1995–2006 2005

123



Tsai CC, Shyu FL, Chiu CW, Chang CP, Chen RB, Lin MF

(2004) Magnetization of armchair carbon tori. Phys Rev B

70:075411

Zhang SL, Mielke SL, Khare R, Troya D, Ruoff RS, Schatz GC,

Belytschko T (2005) Mechanics of defects in carbon

nanotubes: atomistic and multiscale simulations. Phys Rev

B 71:115403

Zhu SQ, Wang X (2007) Effect of environmental temperatures

on elastic properties of single-walled carbon nanotube. J

Therm Stress 30:1195–1210

2006 J Nanopart Res (2011) 13:1995–2006

123


	Thermal stability and morphological variation of carbon nanorings of different radii during the temperature elevating process: a molecular dynamics simulation study
	Abstract
	Introduction
	Simulation model
	Results and discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


