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Structural and electronic properties of a carbon nanotorus:
Effects of delocalized and localized deformations
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The bending of a carbon nanotube is studied by considering the structural evolution of a carbon nanotorus
from elastic deformation to the onset of the kinks and eventually to the collapse of the walls of the nanotorus.
The changes in the electronic properties dualétocalizeddeformations are contrasted with those due to
localizeddeformations to bring out the subtle issue underlying the reason why there is only a relatively small
reduction in the electrical conductance in the former case even at large bending angles, while there is a
dramatic reduction in the conductance in the latter case at relatively small bending angles.
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There have been several studies on the mechanical propally, unless the arclength defining the bending region is also
erties of carbon nanotubeand on the interplay between the known, the preset bending angle cannot uniquely character-
mechanical deformation and the electrical properties ofze the degree of bending. On the other hand, the radius of
single-wall nanotube€SWNT).?"**Both experimentd®and  curvature of a carbon nanotorus is well defined. Hence, a
theoretical™" studies seem to indicate that bending of thenanotorus is ideally suited for studying the effects of delo-
nanotubes induces only a small conductance change even @jized deformations and can, in fact, lead to an understand-
relatively large bending angleup to a=45°, wherea is  jng of the interplay between the mechanical deformation and
the angle between the direction tangential to the end of thgjectronic properties of SWNTs. Furthermore, recent experi-
tube and the unbent axianless the nanotubes fracture or themental fabrication of rings from SWNT&ef. 14 and sub-
metal—tube. contacts are perturthCBending involve.d in sequent measurement of magnetoresistarfcem some of
these studies is caused by a mechanical deformation undﬁ{ese rings underscore the importance of understanding the

forced confm_eme_nt of the ends of the_tL?lde. this S't”at'on’ interplay between the mechanical deformation and the elec-
the deformation induced by the bending can be viewed as Boni . - .
ronic properties of a nanotorus in its own right.

delocalized(extended deformation. Very recently, we car- . .
ried out an in-depth study, both theoretically and experimen- To study how delocalized _deformanons affect the struc-
tally, of the effects of a localized mechanical deformation oftUr® ©f @ nanotube, we consider a metalit;5 nanotube
a metallic SWNT induced by the pushing action of the tip of 26Nt into a circular form with its two ends connected to form
an atomic force microscop@FM) on the electrical proper- & nanotorus of a certain radiés The initial configuration is
ties of the tub&:X°We observed annexpectedwo orders of then relaxed to its equilibrium configuration. To obtain a
magnitude reduction in conductance at a relatively smalnanotorus, which is uniformly and elastically deformed, one
bending angle ¢=13°)° Our theoretical study confirmed Must start with a nanotube of sufficiently long length. Be-
that this dramatic change in conductance is due to a rever§ause of the size of the system under consideration, we used
ible transition fromsp? to sp® bonding configurations in the the orderN  nonorthogonal tight-binding molecular
bending region adjacent to the Thus, it is the localized dynamics® [O(N)NOTB-MD] with the NOTB Hamiltonian
deformation induced by the pushing action of the tip that isas given in Ref. 17. We first established that a relaxed nano-
responsible for the two orders of magnitude change in contorus containing 2000 atoms is indeed under a uniform and
ductance. This raises the question why there is only a releglastic deformation. This was accomplished by first obtain-
tively small change in conductance even at large bendinéng the relaxed configuration of a straight 2000-at(#rb)
angles for delocalized deformations? In this work, we ad-hanotube, next bending it into a circular form, and finally
dress this question by investigating the mechanical deformaelaxing it into its equilibrium configuration. Starting from
tion of a carbon nanotorus obtained by connecting the twdhis configuration, we studied the effects of increasing defor-
ends of a SWNT into a ring. mation by reducing the radius of the nanotorus in a quasi-
We have chosen a carbon nanotorus to study the effects épntinuous(step-by-stepmanner. Our aim is to effectively
bending because in this case one can determine readily thigodel a continuous bending process. Thus, at each step, we
radius of curvature, the logical quantity to characterize theemoved a small segment containing two circular sections,
degree of bending at the location of bending. In previousach with 10 atoms, from the nanotorus. The maximum
theoretical studie$!'~*® the bending of the SWNT was change in the bond length with the removal of 20 atoms was
modeled by holding the ends of the SWNT at positions dedess than 0.01 A when the two ends of the broken nanotorus
fining the angle of bending. This initial configuration was were elastically reconnected. This change represents a small
then allowed to relax to its equilibrium configuration while perturbation in the strain going from one step to the next.
the two ends were kept at the initial positions. Thus, therelhe configuration so obtained at each step was then relaxed
could be some ambiguity in relating the bending angle seto its equilibrium configuration using th@(N)NOTB-MD
initially with the deformation in the bending region. Specifi- scheme. The procedure was continued from the stage of elas-
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FIG. 2. The strain energy per atom averaged over the nanotorus
FIG. 1. Four different stages of a nanotorus under delocalize@oss section is plotted as a function @fwhere 6 represents the
deformations(a) Elastic deformation aR=19.6 A, (b) the onset  angular position along the circumference of the torus for the four
of the appearance of 16 uniformly distributed kinksRat 17.6 A, cases depicted in Fig. 1a) shows that the strain energy is almost
(c) the merging of kinks aR=15.7 A, and(d) the collapse of the  yniformly distributed along the circumferendan elastically de-
walls of the nanotube &=13.3 A. formed torug, (b)—(c) show that the strain energy exhibit local

. . . minima at the location of kinks where the release of the strain
tic deformation, to the stage of the development of the kmksenergy occurs, whiléd) shows that there is a dramatic drop in the

and eventually to the stage of topological change in theyain energy at the locations of the collapse of the walls.
structure in the bending region. In the present study, from a
torus of sufficiently large radius of curvatut®r example, from the nanotorus, there is a built-in degree of uncertainty
from a 2000-atom torysdown to a 1000-atom torus, the in pinning down precisely the radius of curvature when a
deformation was found to be elastic. certain structural change occurs. Hence the numbers given
We highlight the *“continuous” process of bending above as critical radii of curvature for various structural
by four representative configurations shown in Fig. l.changes are approximate.
Figures 1a)-1(d) give the equilibrium configurations ob- To explore in more detail the structural changes induced
tained by the MD procedure outlined above for nanotori conby a delocalized deformation, we calculated the average
taining 1000 R=19.6 A), 900 R=17.6 A), 800 R strain energy per atom over each sectionntaining 10 at-
=15.7 A), and 680 R=13.3 A) atoms, respectively. An oms of the relaxed nanotorus. The angular location of the
examination of the structures shown in Fig. 1 reveals thesection is denoted by with #=0 along the positive hori-
following features. From Fig. (&), it can be seen that the zontal direction and increasing in the clockwise direction.
nanotorus ofR=19.6 A is under a uniform elastic distor- The total energy of the nanotorus can be expressed as the
tion, with a simple stretching on the outer side and simplesum of the site energy of atoms in the nanotorus within the
compression on the inner side. It gives an example of dramework of a NOTB Hamiltoniaf® The strain energy of
SWNT under elastic deformation and indicates that(&)6) an atom at a given site in the relax€d,5 nanotorus is
SWNT is still only elastically deformed at a radius of curva- defined as the energy difference between the energy of the
ture R of 19.6 A under a uniform deformation. ARRis re-  atom at that site and the energy per atom for the relaxed ideal
duced to 17.6 A with a corresponding increase in the mestraight(5,5) nanotube. The average strain energy per atom
chanical deformation, the structural distortion is for a given section is simply the average of the strain energy
characterized by the appearance of 16 almost uniformly disfor the atoms in that section. In Fig. 2, the average strain
tributed kinks along the innefcompression side of the energy per atom for the four nanotori is plotted agaifist
nanotorus[see Fig. 1b)]. The appearance of the kinks is For the nanotorus oR=19.6 A, the strain energy is small
attributable to the release of the strain energy at a criticaAnd uniform along the entire torus, indicating that the torus is
radius of curvature of about 17.6 A in the bending region.under simple elastic deformation. Whe® is reduced to
Further reduction oR with the accompanying increase inthe 17.6 A, the average strain energy along the torus is in-
distortion brings about the reduction of the number of kinkscreased substantially and 16 local minima appear in the plot
while enhancing the release of the strain energy at the kinkat the angles where the kinks are located, a clear indication
as exemplified in Fig. (t). Finally whenR reaches 13.3 A, of the release of the strain energy at the kinks. When R is
the collapsing of the inner and outer walls of the nanotoruseduced to 15.7 A(800 atomg there is only a slight in-
occurs[see Fig. 1d)], signaling a topological change in the crease in the average strain energy at locations near the kinks
structure in the region of collapse at a critical radius of cur-with enhanced local minima. However, whd® reaches
vature of about 13.3 A. During the simulation of the “con- 13.3 A, pronounced local minima appear at locations pre-
tinuous” bending, extreme care was exercised in monitoringisely matching where collapsing of the walls occurs. These
the onset of the fundamental structural change. Howeveenhanced local minima actually accompany a substantial in-
due to the discrete nature of the removal of small segmertrease in the average strain energy per atom along the torus.
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FIG. 3. The average bond length ¥s (a) The average bond FIG. 5. The averager bond charge v#. While the averager
length is close to 1.42 A, thep? bond length of the graphene bond charge decreases slightly (@—(c), (d) shows a dramatic
sheet,(b)—(c) the average bond length is larger than cé@eand increase in the bond charge at the collapsed regions of the wall.
(d) the average bond length exhibits local maxitaathe collapsed

region with values close to 1.54 A, thep® bond length of dia- 133 A is about 3.6, close to the 4-coordinasadt configu-
mond. ration, while the coordination number along the circumfer-
ence of the first three nanotori is close to 3, the coordination
A side-by-side comparison of Figs. 2 and 3, where the averaumber for thesp? configuration. Thus, our investigation has
age bond length is plotted &, is even more illuminating. succinctly established the effects on the structure of a SWNT
While the average bond length along the torus is somewhatue to a delocalized deformation, namely, from a simple
longer than the bond length of the ideal straigfib) nano-  elastic distortion for large radii of curvature, to the appear-
tube for the three nanotori with the radius of 19.6 A, ance of kinks at a critical radius of curvature of about
17.6 A, and 15.7 A, respectively, the average bond length 7.6 A, followed by the collapse of the walls involving the
for the nanotorus with the radius 13.3 A at the locations oftransition from thesp? configuration to thes p® configuration
wall-collapsing is 1.53 A, substantially longer than the bondat a critical radius of curvature of about 13.3 A for #%5)
length of 1.42 A for thesp? bonding configuration in the SWNT. Within the framework of the nanotorus, one may set
ideal straight(5,5 nanotube and in fact close to the bond up a benchmark for comparison with previous studies. Spe-
length of 1.54 A for thesp® bonding configuration in dia- cifically, referring to Fig. 1b), since there are 16 uniformly
mond. This is the signature of the topological change in thealistributed kinks, one may estimate the critical angle for the
structure for the 680-atom nanotorus in the region of wallappearance of the kink under a delocalized deformation as
collapsing. Further confirmation of this picture can be seenv = 3(2w/16)=11°. Similarly, from Figs. &), 3(d), and
from Fig. 4 where the average coordination number is plot4(d), corresponding to the 680-atom case, one may surmise
ted vsé . It can be seen that the average coordination numbethat there should be seven equivalent pronounced peaks or
at the locations of wall collapsing for the nanotorus of radiusvalleys at the locations of wall collapsing along the circum-
ference. Hence, the critical bending angle for the transition
from sp?- to sp*-bonding configuration under a delocalized

@ 35| (a) (5,5/1000 | deformation can be estimated ag= 3 (2/7)=26°.

g2 3 To understand the interplay between the mechanical de-

§ 25 : ; ; : formation and the electronic properties, we calculated the

z 35t (b) (5,5)/900 ] averageo-bond charge and the averagebond charge per

E 3 atom following the procedures given in Refs. 9,18. The re-

2 2.5 : ; : : sults are shown in Figs. 5 and 6, respectively. It can be seen

% 35t (© (5,5)/800 . that, for the first three nanotori, there is only some slight

S 3 A~ reduction of both ther- and thew-bond charges along the

2 25 : ; ; ; circumference associated with the bond stretching as the

335} ) A A A (@ (551680 ] nanotorus is under increasing strain. Thus, there is no basic

2 3 ! change in the nature of electronic structure and hence no
25 . ‘ ‘ ‘ significant change in conductance is expected for a SWNT

0 0.2 0.4 0.6 0.8 1

o under delocalized deformations up to a radius of curvature of
7y

about 13.3 A. However when the strain reaches a critical
FIG. 4. The average coordination number #sThe average Value such that wall collapsing occuri@13.3 R), there is
coordination number increases from a constant value of(@jras & SUbStam!al increase in thebond charge anq a pronounced
in sp? bonding, to a value of about 3.6 at the local maximddyy ~ decrease in ther-bond charge at the locations where the
close to the value of 4 as isp® bonding. walls collapse, a reflection of the transition from thg?
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'( )G 5)/1'000 consistent with previous calculatiofsThis is, however, in
a >

0.15 dramatic contrast to the case of a localized deformation,
where a small bending angle induces a two orders of magni-
0.05 tude reductior:'*We examined this issue by referring to the

015 b D) 550900 half width of the pronounced peak in teebond chargéFig.

5) and that of the deep valley in the-bond chargeFig. 6)

0.05 - - for the 680-atom torus. It can be seen that both are about
015 (©) (55800 0.24 rad, indicating that the transition from the?- to the
sp*-bonding configuration only extends to a region of about
3 A. It should be noted that the transition from thg?- to

AVERAGE n BOND CHARGE

0.05 ; ;
015 (d) (551680 sp®-bonding configuration induced by the manipulation of
\ﬂmﬂw an AFM tip extends to a region of 12 A at a small bend-
0.05 ing angle of 15°(see Fig. 3 in Ref. P The comparison
0 0.2 04 0.6 0.8 1 explains why the reduction in conductance is relatively small
8 @2m) even at large bending angles under a delocalized deformation

while a two orders of magnitude reduction in conductance is
observed under a localized deformation.

The present study contrasts our previous stidfssn the
effects of localized deformations on a SWNT. In particular,

bondi . . her® bondi . on(l it brings out the important point that the deciding factor for
onding configuration to thep® bonding configuration(t the dramatic reduction of the conductance of metallic

should be noted that this is precisely the mechanism thag\y\Ts is the combined effect of the transition from the
comes into play for a SWNT under a localized deformatlonspz_ to sp*-bonding configuration and the extent of the

at relat_lvely small b_endlng angléé?) The eleqtrons are bending region where the transition occurs. With this study,
delocalized and mainly responsible for conduction while th e have now established a complete picture of the interplay

g electrong are Ioc_alized. Therefore one might expect ,th%etween the mechanical deformation, be it a delocalized de-
Fhe dramatlc reduction of the-bqnd charge and subst_ant|al formation or a localized deformation, and the electronic
increase in ther-bond charge will lead to a substantial re- properties of SWNTs. Our findings should provide useful

duction in conductance for a nonlocalized deformation foryiqelines for the design of nanoscale electromechanical de-
R<13.3 A (i.e., «=26°). We, therefore, calculated the vices based on SWNTSs.

electrical conductance corresponding to the wall-collapsing

case R=13.3 A) by using the Landauer’s formuld® we This work was supported by the the NSBrant No.
chose the segment of the nanotorus containing 12 sectioi3MR-9802274 and the U.S. DOEGrant No. DE-FGO02-
that includes the wall collapsing in its center as our sampl®0ER45832 We acknowledge that this work was carried
and connected it to ide&b,5 SWNT leads. We obtained a out on the HP-Exemplar computer at the University of Ken-
conductance of 0GB, (G,=2e%/h) at the Fermi energy, a tucky. We thank Professor E. Kaxiras for his useful com-
factor of 4 reduction from the ideal straigt8,5 nanotube, ments.

FIG. 6. The averager bond charge v¥. While the average
m-bond charge decreases slightly(@—(c), (d) shows a dramatic
decrease in the bond charge at the collapsed regions of the wall.
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